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Fabrication of a 100 x 100 mm? nanometer-thick
graphite pellicle for extreme ultraviolet lithography
by a peel-off and camphor-supported transfer

*ad

An extreme ultraviolet (EUV) lithography pellicle is used to physically protect a mask from contaminants

during the EUV exposure process and needs to have a high EUV transmittance. The EUV pellicle should

be fabricated using a freestanding thin film with several tens of nanometer thickness in an area of 110 x

142 mm?, which is a challenging task. Here, we propose a peel-off approach to directly detach the
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nanometer-thick graphite film (NGF)/Ni film from SiO,/Si wafer and significantly shorten the etching time

of the Ni film. Combined with the residue-damage-free transfer method that used camphor as

DOI: 10.1039/d2na00488g
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1 Introduction

Since the introduction of a pellicle in 1978, the semiconductor
industry has used it to protect masks from contaminants, such
as particles during lithography patterning.! With increasing
semiconductor integration, lithography has been focused on
employing shorter wavelengths, and extreme ultraviolet lithog-
raphy (EUVL) with a wavelength of 13.5 nm has become the
latest technology for realizing sub-7 nm nanodevices. Owing to
the nature of EUV light, which is strongly absorbed by virtually
all materials, pellicles for deep ultraviolet (DUV) lithography
with a wavelength of 193 nm can no longer be used in EUVL.
Thus, the development of EUV pellicles for stable mass
production is urgently required.>* An EUV pellicle consists of
a thin film with a structure suspended from a frame with an
internal size of 110 x 142 mm? (ref. 3 and 4) and must meet
strict requirements for practical application in EUVL mass
production: it should have high EUV transmittance (>90%),
excellent thermal conductivity, low reflectance (<0.04%), and
chemical stability during exposure to EUV radiation (with a high
energy density of >5 W em ™ in a hydrogen environment). As the
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a supporting layer, we successfully fabricated a large-area (100 x 100 mm? NGF pellicle with
a thickness of ~20 nm, and an EUV transmittance of ~87.2%.

EUV source power increases, one of the most important pellicle
requirements is heat resistance. Conventional pellicle candi-
dates, such as Si,** SiN,,° and Si-Mo-Nb multilayers,* will be
damaged by the high temperature caused by EUV radiation
owing to their low thermal conductivity and emissivity. There-
fore, carbon-based materials such as carbon nanotubes’ and
nanometer-thick graphite films (NGFs),® which possess excel-
lent thermal conductivity, have been studied as pellicle candi-
dates. Several methods for synthesizing NGFs by chemical vapor
deposition (CVD) have been reported previously.®** Further-
more, the feasibility of the NGF pellicle for EUVL was demon-
strated by fabricating and evaluating a freestanding NGF." The
most well-known method for fabricating a freestanding NGF is
using polymethyl methacrylate (PMMA) as a supporting
layer."*"” However, the transfer method using PMMA leaves
residues on a large area even after its removal. In addition, due
to the high surface tension of acetone, removing PMMA with
acetone causes damage in freestanding samples larger than 10
x 10 mm?®. Therefore, for large freestanding samples exceeding
50 x 50 mm?, PMMA cannot be removed with acetone and O,
plasma treatment is required. However, the method of
removing PMMA with O, plasma treatment still leaves PMMA
residues on the NGF surface and also causes additional defects
and deflection in the free-standing NGF.'® The way to solve
various problems caused by using PMMA as a supporting layer
is to use sublimable substances such as anthracene,'** naph-
thalene,” and camphor.?>?* In our previous work, a 30 x 30
mm? freestanding NGF (thickness ~ 20 nm) pellicle was fabri-
cated by using camphor as a supporting layer instead of
PMMA."® However, as the sample size increases, the thickness of
camphor deposited on the NGF/Ni film/SiO,/Si wafer also needs
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to increase, which will greatly prolong the etching time of the Ni
film. As the etching time increases, the NGF will gradually
separate from the camphor and cause the freestanding process
to fail. In this study, we developed a process to peel NGF/Ni
films directly from SiO,/Si wafers, which can greatly reduce
the thickness of the camphor to be deposited and the etching
time of Ni films, thus shortening the processing time, and
finally proving that a residue-free and high-EUV-transmittance
NGF pellicle with an area of 100 x 100 mm?® can be fabricated.

2 Experimental section

2.1. Synthesis of a nanometer-thick graphite film

To fabricate a large-area NGF pellicle of 100 x 100 mm?, we
sputtered 1.5 um Ni films on 8 inch SiO,/Si wafers and used
them as the catalyst substrates for NGF growth (base pressure: 5
x 107° torr, sputtering power: 100 W, Ar flow rate: 100 sccm,
working pressure: 12 mTorr). The NGF was synthesized using
a cold-wall CVD system designed for fabricating large-area
samples. The Ni film/SiO,/Si wafer was first loaded into the
CVD system and the chamber was heated to 900 °C within
20 min with flowing 15 sccm H, gas (0.04 torr). Then, 100 sccm
CH, gas (0.34 torr) was introduced into the chamber and the
temperature was maintained at 900 °C for 10 min. After 10 min,
the chamber was cooled from 900 °C to 700 °C (cooling rate ~
3 °C s7') to form the NGF. Then the chamber was naturally
cooled to room temperature within 25 min (from 700 to 400 °C

Temporary transfer film

NGF growth on
Ni film/SiO,/Si wafer

4

NGF/Ni film peel off from SiO,/Si in wafer

€y

Freestanding NGF (100 x 100 mm?)
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(cooling rate ~ 1.5 °C s~ '), 400 to 200 °C (~0.6 °C s~ 1), 200 to
25 °C (~0.25 °C s ).

2.2. Freestanding process to fabricate a NGF pellicle

To fabricate a NGF synthesized on a Ni film (1.5 um)/SiO,/Si
wafer substrate as a pellicle, a process of transferring the NGF to
the desired frame is required. The process is illustrated in Fig. 1.
The first step is peeling off the NGF/Ni film from the SiO,/Si
wafer (Fig. 1(b)). A temporary transfer film (TTF) was produced
by attaching a polyethylene terephthalate (PET) film with
a square hole in the middle on top of the NGF/Ni film. And then,
an additional cover film (PET) was attached onto the TTF to
prevent excessive deformation of the TTF during the peeling
process. Then, the TTF attached NGF/Ni film/SiO,/Si wafer was
slowly peeled in distilled (DI) water, which allowed the Ni film to
be delaminated from the SiO,/Si wafer. At the time, water
penetrates between Ni and SiO,, generating the effect of water-
assisted subcritical debonding and allowing easy separation
between Ni and SiO,.***” Then, by attaching a supporting frame
on the peeled TTF, a NGF/Ni film in freestanding form was
produced, as shown in Fig. 1(c). Then, the freestanding NGF/Ni
film was loaded into the camphor deposition chamber. The
camphor source was heated to 80 °C at a working pressure of 2
torr, and the deposition time was 2 min 30 s to form a 160 um-
thick camphor film on the freestanding NGF/Ni film to protect
the NGF during the Ni film etching and cleaning process
(Fig. 1(d)). The 1.5 pm Ni film was removed from the camphor/

Supporting frame

NGF/Ni free-standing

Fig.1 Schematic of the NGF pellicle fabrication process. (a) NGF/Ni film/SiO,/Si; (b) NGF/Ni film is peeled off from the SiO,/Si wafer in DI water;
(c) the supporting frame is attached; (d) after camphor deposition on a freestanding NGF/Ni film. The inset shows a cross-sectional illustration. (e)
Ni film etching in FeCls solution and rinsing in DI water. (f) Camphor removal process in an ethanol vapor atmosphere. (g) Freestanding NGF

sample (100 x 100 mm?) after camphor removal.
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NGF/Ni film by dipping the sample in ferric chloride (FeCl;)
solution for 10 min. Then, the freestanding camphor/NGF was
transferred to DI water and rinsed for 10 min twice (Fig. 1(e)).
The camphor/NGF sample was later transferred onto an
adhesive-coated frame with a freestanding structure, and the
camphor was sublimated in a chamber with an ethanol vapor
atmosphere obtained by heating ethanol to 75 °C (Fig. 1(f)).
After 48 h, the camphor was completely sublimated from the
NGF surface, and the supporting frame was removed. Finally,
the 100 x 100 mm® NGF pellicle was thus fabricated (Fig. 1(g))
(see more freestanding process details in Fig. 3).

2.3. Characterization

The NGF thickness was measured using an atomic force
microscope (AFM) (ParkNX10, Park Systems Corp.) after trans-
ferring the NGF onto SiO,/Si. The thickness (cross-section) and
the surface of the camphor deposited on NGF/Ni/SiO,/Si were
evaluated by optical microscopy (Olympus BX51M). Raman
mapping (100 x 100 pm?, alpha300 M, WITec, 532 nm laser
excitation) was performed to compare the crystallinity of raw
and freestanding NGFs fabricated using the transfer method.
Cross-sectional samples of NGF/Ni were prepared using the
focused ion beam (FIB) (JIB-4601F, JEOL Ltd., Tokyo, Japan)
technique, and the NGF/Ni cross-section view was observed
using a transmission electron microscope (TEM) (JEM-2100F,
JEOL Ltd., Tokyo, Japan) to check the thickness uniformity of
the NGF. EUV transmittance of the freestanding NGF (inner
diameter 10 mm, and square size 40 x 40 mm?) was measured
using an instrument from Samsung Electronics Co. Ltd.

3 Results and discussion

3.1. NGF/Ni film peel-off process from SiO,/Si wafer

In our previous study, freestanding NGF samples with a size of
30 x 30 mm? were fabricated. The method involved the direct
deposition of camphor on the NGF/Ni film/SiO,/Si wafer and the
etching of the Ni film. However, this method required 4 h of Ni
film etching time to produce 30 x 30 mm’® freestanding
samples, and this etching time extended to over 90 h as the size
increased to 100 x 100 mm? (Fig. S11). In addition, the subli-
mation of camphor during such a long etching process must be
considered, which requires a deposited camphor film with
a thickness of more than 500 pm (Fig. S2(a)f). The thicker
camphor film results in weaker adhesive force between the
camphor and NGF, which makes the NGF easily separate from
the camphor as the Ni film etching time increased. Thus, the
separation of the camphor and NGF occurred more frequently
as the sample size increased. Therefore, the etching time of the
Ni film should be significantly shortened.

Meanwhile, processes for transferring a nano-thick film
from the catalyst substrate to a target substrate without damage
have been extensively studied. Notably, methods for mini-
mizing damage involve reducing the interfacial adhesion energy
(G.) between the catalyst substrate and the nano-thick film by
transferring in a liquid such as water.”®**® The Ni film and SiO,/
Si wafer can be separated in water using a thermal-release tape
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and then transferred to a target substrate.”’?***> However,
considering that this method used a thermal-release tape
attached to the thin film, the residue cannot be entirely
removed from the thin film surface after the removal of the tape
by applying heat. In addition, such a transfer method cannot be
used to fabricate a pellicle with a freestanding structure because
it cannot be transferred onto a frame with an empty middle.
Therefore, we developed a process for separating the pure NGF/
Ni film from SiO,/Si wafer without coating a sacrificial layer or
attaching a thermal-release tape on the NGF/Ni film. To peel off
the NGF/Ni film, the TTF with a square hole (110 x 110 mm?)
was first attached in the middle of the NGF/Ni film (Fig. 2a and
b(i)). This open square would subsequently contain the free-
standing NGF. A cover film was attached to prevent contact
between the NGF and water and the distortion of the TTF during
peel-off process that was performed in water (Fig. 2b(i)). As
shown in Fig. 2a and b(ii), the sample was fixed on the bottom of
a water bath and peeled off slowly with a speed of 2 mm s~ " or
less to minimize the stress applied to the Ni film.** Due to the
water-assisted subcritical debonding, the interface between Ni
and SiO, can be easily separated, which resulted in the peel-off
of the TTF with the NGF/Ni film from the initial Si/SiO, wafer
(Fig. 2b(ii)).>**” The cover film was subsequently removed, and
a supporting frame was attached to the TTF to facilitate the
camphor deposition and Ni film etching process (cross-
sectional structure in Fig. S31). As shown in Fig. 2a(iii), the
empty square area within the supporting frame is in a state of
a freestanding NGF/Ni film and turned into a pellicle after all
transfer processes were finished. Fig. S4(a)t shows an optical
image of the surface of the freestanding NGF/Ni film.

3.2. Camphor deposition and sublimation process

In addition to its low adhesion to graphene, camphor has lower
adsorption energy (0.09 eV per camphor molecule®) than
polymers such as SPPOL* rosin,** pentacene,* and PMMA.**
Consequently, it sublimates easily over time without leaving any
residue on the NGF surface even at room temperature and
atmospheric pressure. Additionally, given its ability to be
formed into a rigid film with a thickness of several hundred
micrometers or more, camphor can be used as a supporting
layer by replacing PMMA in the freestanding process. In our
previous study, we replaced PMMA with camphor to overcome
problems encountered during transfer, such as residues,
defects, and deflections. Consequently, a freestanding NGF with
an inner size of 30 x 30 mm? was fabricated.’® In conclusion,
camphor is suitable for use as a supporting layer to fabricate
a large-area NGF pellicle with an internal size of 100 x 100
mm?®. Fig. 3(a) is a photograph of camphor deposited on
a freestanding NGF/Ni film. The deposited camphor had
a thickness of 160 um (Fig. S2(b)1) and was used as a supporting
layer for the transfer process (Fig. S4(b)f shows an optical image
of the camphor/NGF/Ni film surface). The Ni film was etched by
vertically dipping the freestanding camphor/NGF/Ni film stack
in FeCl; solution (Fig. 3(b)). Then, the freestanding camphor/
NGF was dipped in DI water and rinsed twice for 10 min
(Fig. 3(c)). As shown in Fig. 3(e), camphor/NGF was placed on

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NGEF/Ni film freestanding

(b) Center square empty

Temporary transfer film Cover attached on
attached on temporary transfer film
NGF/Ni/ SiO,/Si wafer

Frame attached on
temporary transfer film

Fig. 2 (a) Photographs of the NGF/Ni film peel off process. (b) Schematic of the NGF/Ni film peel off process in (a) and the mechanism. (i)
Temporary transfer film (TTF) attachment on the NGF/Ni film/SiO,/Si wafer. (ii) NGF/Ni film peel off from SiO,/Si wafer in DI water. (iii) Removal of
the cover on the peeled temporary transfer film (NGF/Ni film) and attachment of the support frame.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Ni film etching in FeCl, Adhesive/frame
solution for 10 min

[{ec

Camphor sublimation in
ethanol vapor atmosphere

After camphor sublimation Camphor/NGF/adhesive/frame

NGF freestanding (100 x 100 mm?)
after removal of supporting frame

Fig. 3 Photographs of the NGF pellicle fabrication process. (a) After camphor deposition on the NGF/Ni film. (b) Ni film etching in FeCls solution
for 10 min. (c) Camphor/NGF rinsing in DI water. (d) Freestanding frame application using an adhesive. (e) Stamping of camphor/NGF on a frame
with an adhesive applied. (f) After 12 h of camphor sublimation in an ethanol vapor atmosphere chamber. (g) Freestanding NGF after all camphor
was removed after 48 h. (h) 100 x 100 mm? freestanding NGF after removal of the supporting frame.
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the adhesive-coated frame (Fig. 3(d)) and camphor was subli-
mated in a chamber in an ethanol vapor atmosphere. After 12 h,
camphor was released from the right end (Fig. 3(f)); after 48 h,
all of the camphor sublimated (Fig. 3(g)). Finally, after the
removal of the supporting frame, an NGF pellicle with a thick-
ness of ~20 nm and an inner size of 100 x 100 mm?” was ob-
tained (Fig. 3(h)). Fig. S4(c)t shows an optical image of the
surface of the freestanding NGF.

3.3. Comparison of NGF characteristics before and after the
transfer process

To transfer a thin film onto a substrate, the most common
method is to coat a polymer film such as PMMA to be a sup-
porting layer. However, such materials cannot be completely
removed after transfer, leaving residues or defects on the
surface of the samples.****° In contrast, camphor does not
affect the thin film even when used as a supporting layer for
transferring thin films.>>>*

Fig. 4 shows Raman spectrum mapping, which was con-
ducted to precisely evaluate the crystallinity of the NGF and the
residues on its surface before and after the camphor-supported
transfer. Fig. 4a(i) is an optical image showing the surface of
a raw NGF transferred onto a SiO,/Si wafer without using
a supporting layer. Fig. 4a(ii) shows the Raman mapping image
of the D/G intensity ratio (Ip/Ig) of (i). Fig. 4(b) is the Raman
mapping of the freestanding NGF using camphor as a support-
ing layer. Fig. 4b(i) shows the surface optical image of the
freestanding NGF, and Fig. 4b(ii) shows the Ip/I; mapping.
Fig. 4a(iii) shows the distribution of Iy/I;. The average I,/ ratio
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value of the raw NGF is 0.04, and its values range between 0.09
and 0.01. The average Ip/I; ratio of the freestanding NGF in
Fig. 4b(iii) is also 0.04, and its values range between 0.08 and
0.01, indicating that the raw and freestanding NGFs had
unchanged Ip/I; ratios and no defects were generated during
the camphor transfer process. Additionally, the inset Raman
spectrum in Fig. 4b(iii) shows only the graphite-related Raman
peaks corresponding to the D (1350 cm™ '), G (1595 cm™ '), and
2D (2700 cm™ ') bands; no typical peak of a camphor like carbon
ring (652 em™') and C=O stretching vibration (1741 cm™")
appeared.** Therefore, the camphor-supported transfer does
not cause any defects or leave camphor residues on the NGF.

3.4. EUV transmittance of the NGF pellicle

The EUV transmission of a freestanding NGF was measured at
a wavelength of around 13.5 nm to confirm the feasibility of the
NGF EUV pellicle. The freestanding NGF sample with an inner
diameter of 40 mm was prepared. Fig. 5 shows the NGF free-
standing photograph fabricated via the peel-off and camphor-
supported transfer process described in Fig. 1 and the
measured EUV transmittance value. In Fig. 5(a), the free-
standing NGF with a size of 40 x 40 mm? was fabricated using
the same NGF as the 100 x 100 mm? freestanding NGF shown
in Fig. 3(h). Fig. 5(b) shows the EUV transmittance mapping
(1 mm beam size, 900 points) of the center 30 x 30 mm? area
marked by a red square in the 40 x 40 mm? freestanding NGF
shown in (a); we didn't collect the data near the frame edge
boundary to ensure the data accuracy. The average EUV trans-
mittance of the 30 x 30 mm? freestanding NGF was 87.2%, and
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Fig.4 Comparison of NGF characteristics before and after the transfer process. Observation of the NGF surface: (a) raw NGF after CVD growth;
(b) freestanding NGF after camphor sublimation. (i) The optical image of Raman mapping; (i) intensity ratio of the D to G band (/p//g) in the Raman
map of the NGF. (iii) Histogram of Ip/lg and the inset in (iii) is the Raman spectrum of the NGF.
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Fig. 5 Measurement of EUV transmittance of the NGF. (a) Photograph of a freestanding NGF (40 x 40 mm?). (b) EUV transmittance mapping
image of a NGF with an area of 30 x 30 mm? marked by a red square in (a). (c) Histogram of EUV transmission.

the relative standard deviation was 0.78% in (c). EUV trans-
mittance can be converted into the thickness of the NGF using
a known formula (Tgyy = e *™N*¥* where § = 6.9054 x 10 > at
A =13.5 nm and N x d is the thickness of the NGF'>*?). The
calculation result shows that the thickness of the NGF is 21 nm.
Monolayer graphene absorbs 0.2% of EUV (graphene thickness
~ 0.34 nm). The standard deviation is approximately 0.78%,
which can be interpreted to reflect the graphene error in

approximately three or four layers. Consequently, the NGF
pellicle with a size of 100 x 100 mm?” had a thickness of 21 =+
1.2 nm.

Due to the reflective mask used in EUVL, EUV light passes
through the pellicle twice. If the pellicle does not have high EUV
transmittance, EUV photons are absorbed by the pellicle,
reducing the number of photons focused on the wafer. For this
reason, an EUV transmittance of 90% or more is required for the

(d)

40 -

Height (nm)

10 15 20 25 30
Length (um)

Fig. 6 NGF thickness analysis and cross-sectional TEM images of the NGF: (a) low magnification and (b) higher magnification TEM images of the
NGF marked with a white rectangle in (a) and the line-scanning intensity profile (inset bottom-right) obtained from the area highlighted with
a cyan rectangle. (c) AFM image of the NGF on the SiO,/Si wafer. (d) Thickness profile corresponding to the line shown in (c).
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commercialization of the EUV pellicle. The NGF freestanding
sample with an inner diameter of 10 mm was prepared by
thinning the thickness of the NGF for more than 90% EUV
transmittance (Fig. S51). The average EUV transmission in the
freestanding NGF is 91.6% (relative standard deviation, 0.85%,
Fig. S5(c)T), and the thickness was 14 nm as measured by AFM
and TEM (see Fig. S61).

3.5. NGF thickness uniformity

To compare the thickness of the NGF calculated by EUV trans-
mittance with the actual thickness, the thickness of the NGF was
confirmed by TEM and AFM. In the TEM cross-sectional view of
the NGF/Ni film shown in Fig. 6(a), a NGF with a thickness of
20 nm was uniformly grown. Moreover, the well-ordered, stacked
structure with an interlayer spacing of 0.33 to 0.34 nm can be
seen in the high-magnification TEM image in Fig. 6(b) and the
line-scanning intensity profile inset at the bottom right. Fig. 6(c)
shows a typical AFM topographic image, and Fig. 6(d) shows the
NGF height profile corresponding to the solid line in Fig. 6(c).
The measured average thickness of the NGF is 20-21 nm, and the
areas (yellow arrows) with a thickness deviation exceeding 10 nm
are small wrinkles formed due to the difference in thermal
expansion coefficients between Ni and the NGF.**

4 Conclusions

In conclusion, we developed an NGF/Ni film peel-off process and
fabricated a large-area NGF pellicle with a size of 100 x 100 mm?
via a transfer method using camphor as a supporting layer. By
peeling off the NGF/Ni film from the SiO,/Si wafer, the etching
time of the Ni film was significantly decreased from 95 h to
10 min. Accordingly, the separation of the NGF from camphor/
NGF caused by the long etching time can be overcome. More-
over, the thickness of deposited camphor was reduced by
approximately 160 um from the previous 550 pum, thereby
decreasing the processing time required for camphor removal.
No difference was observed in the comparison of D/G intensity
ratios (Ip/Ig) before and after the transfer between raw and free-
standing NGFs (0.04), indicating that the transfer did not
generate any additional defects. Furthermore, EUV transmittance
mapping at 13.5 nm yielded 91.6% (10 mm in diameter, thick-
ness ~ 14 nm) and 87.2% (40 x 40 mm?, thickness ~ 20 nm). We
suggest the peel-off process and the camphor-supported transfer
method as solutions to the scale-up of the NGF pellicle, which
has been the biggest problem for the commercialization of
pellicles for EUVL. In the future, this freestanding method will
also be applied to fabricate pellicles by stacking a capping layer
on the NGF. Our practical freestanding method is not restricted
to pellicle applications but can be applied to various fields
requiring freestanding, including EUV spectral purity filters,
thin-film sensors, and speaker diaphragms.
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