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Extreme ultraviolet lithography (EUVL) has received much 

attention in the semiconductor industry as a promising candidate 

to extend dimensional scaling beyond 10 nm. We present a new 

pellicle material, nanometer-thick graphite film (NGF), which 

shows an extreme ultraviolet (EUV) transmission of 92% at a 

thickness of 18 nm. The maximum temperature induced by laser 

irradiation (λ = 800 nm) of 9.9 W/cm
2
 was 267 °C, due to the high 

thermal conductivity of the NGF. The freestanding NGF was found 

to be chemically stable during annealing at 500 °C in a hydrogen 

environment. A 50 × 50 mm large area freestanding NGF was 

fabricated using the wet and dry transfer method (WaDT). The 

NGF can be used as an EUVL pellicle for the mass production of 

nanodevices beyond 10 nm. 

Extreme ultraviolet lithography (EUVL), at a wavelength of 13.5 nm, 

is an indispensable technique to extend dimensional scaling beyond 

10 nm in the semiconductor industry.
1,2

 For the high-volume 

manufacturing of Si-based nanodevices using extreme ultraviolet 

lithography (EUVL), controlling mask defectivity during the exposure 

to extreme ultraviolet (EUV) light has been considered the top 

priority among the various challenges, such as increasing the EUV 

source power and improving the line-width roughness of the 

resist.
3-5

 Using a physical particle shield, a pellicle, complete 

blocking of the particle adders on the reflection mask during EUV 

exposure can be achieved, and it have been used in the imaging 

process of standard optical lithography for the same purpose.
6-8

 

However, issues of the pellicle materials are still remaining because 

of the strict requirements of EUVL pellicle.
6,9

 For practical 

application to EUVL, a pellicle should have an EUV transmission of 

more than 90%, excellent thermal and chemical stability upon 

exposure to EUV with a high energy density of 5 W/cm
2
 in a 

hydrogen environment, and large freestanding size of 110 × 140 

mm.
6
 

      Based on these strict requirements of EUVL pellicles, 

freestanding thin films composed of several different materials, 

including Si, Ru, Mo, and Nb, have been investigated.
6,8,10

 Among 

them, a 60-nm thick Si-based pellicle with a size of 110 × 140 mm 

showed the highest EUV transmission of ~85%.
6,9

 However, it was 

crippled by the high temperature induced by EUV irradiation with a 

power density of 5 W/cm
2
 due to the low thermal conductivity and 

reduced emissivity of the very thin Si layer.
6
 This thermal 

breakdown of Si caused us to look for other material with high EUV 

transmission and thermal stability against EUV induced heating. 

Here, we present a new pellicle material, nanometer-thick graphite 

film (NGF), which has high theoretical EUV transmission,
11

 heat 

dissipation properties,
12-14

 and chemical stability.
15

 NGF synthesized 

by chemical vapor deposition (CVD) shows an EUV transmission of 

92% at a thickness of 18 nm, along with excellent chemical stability 

and heat dissipation properties. A 50 × 50 mm large-scale 

freestanding NGF pellicle was fabricated by the wet and dry transfer 

(WaDT) method. The EUV transmission, heat dissipation properties, 

and chemical stability of the NGF pellicle confirm the feasibility of 

using NGF pellicles for the mass production of nanodevices beyond 

10 nm. 

      Since the EUV beam passes through the pellicle twice because of 

the reflection mask (Figure S1), the EUV transmission of a pellicle is 

directly related to the efficiency of EUV lithography. To obtain high 

transmission above 90%, NGFs with various thicknesses were 

synthesized by controlling the growth temperature in the range 

from 910 to 1035 °C. The thicknesses of the NGFs were measured 

using AFM and found to vary from 18 to 78 nm (Figure S2). Each 

freestanding NGF was fabricated on a circular frame with an inner 

diameter of 10 mm (inset in Figure 1a) by the scooping method and 

its transmission was measured at EUV (λ = 13.5 nm) and visible light 

(λ = 550 nm) wavelengths as shown in Figure 1a. The EUV 

transmission of the freestanding NGF with a thickness of 18 nm was 
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92% (51% @ 550 nm), which was the best EUV transmission among 

the EUV pellicles using Si and other thin films,
6,8,10

 and represents 

excellent optical properties and shows the feasibility of NGF for EUV 

pellicles. The correlation between the transmission at the EUV and 

visible light wavelengths suggests a convenient way to assess the 

EUV transmission from visible light transmission. Theoretical 

calculations on the EUV and UV transmissions were carried out‡ 

based on the Beer-Lambert law. The simulation results of the EUV 

transmission (red dotted line) and visible light transmission (blue 

dotted line) with various thicknesses showed good agreement with 

the measured values.
11,16

 The representative Raman spectrum of 

the NGF showed typical Raman spectra features of highly oriented 

pyrolytic graphite,
17

 and the nanometer thickness of the graphite 

was confirmed by a cross sectional transmission electron 

microscopy (TEM) (Figure 1b and c). The thickness of the NGF was 

18 nm and the well-arranged layer structure was observed (Figure 

1d). The thicknesses of the NGFs synthesized at other temperatures 

were 28 nm (925 °C) and 67 nm (1000 °C), and the fine graphite 

structures were also observed without changes in the crystalline 

qualities (Figure S4). The high-resolution TEM (HRTEM) image of the 

NGF shown in Figure 1e reveals the uniform honeycomb structure 

of the NGF. The crystallinity of NGF was observed indirectly by the 

selected area electron diffraction pattern which was collected using 

a 1.2 μm aperture (Figure S4). 

      For the application of the freestanding NGF to EUV pellicles, its 

thermal and chemical stability should be ensured in an EUV 

lithography environment. We investigated the thermal and 

chemical stability of the NGFs using an infrared (IR, λ = 800 nm) 

laser and rapid thermal annealing (RTA) system. The IR laser was 

used as the heat source, because the absorption of the IR laser in 

NGF is higher than that of EUV (Supporting Information, Figure 

S3).
18

 Considering that the EUV source power required for high-

volume manufacturing is 250 W, corresponding to 5 W/cm
2
 for the 

pellicle,
6
 the power density of the IR laser beam should be higher 

than 5 W/cm
2
. Figure 2a shows the maximum temperatures of the 

freestanding NGFs, induced by various power densities (higher than 

5 W/cm
2
) of the laser. The temperature, achieved instantly upon 

exposure to laser irradiation, was measured using a thermal 

imaging camera (Fluke, Ti10), and the pressure was maintained with 

a 3 Pa hydrogen environment. The maximum temperatures of 165 

°C and 267 °C were measured at power densities of 5.1 W/cm
2
 and 

9.9 W/cm
2
, respectively. The maximum temperature induced by the 

irradiation of the laser is very low compared with that of the Si-

Fig. 1  Transmission of freestanding nanometer-thick graphite film 

(NGF), Raman spectrum of NGF, and high-resolution transmission 

electron microscopy (HRTEM) image. (a) EUV (λ = 13.5 nm) and 

visible light (λ = 550 nm) transmission of the NGF pellicle as a 

function of NGF thickness. The inset of (a) is a photo image of the 

pellicle (18 nm thick freestanding NGF) with a diameter of 10 mm. 

The red and blue dotted lines correspond to the simulations of 

transmission for EUV and visible light, respectively. (b)

Representative Raman spectrum of NGF. (c) A cross-sectional TEM 

image of the thickness of 18 nm and (d) a well-arranged layer 

structure of the NGF. (e) HRTEM image of the NGF. The inset of (e) 

is the selected area electron diffraction (SAED) pattern of the NGF. 

The SAED pattern was collected using a 1.2 μm aperture. 

Fig. 2  Thermal and chemical stability of NGF in hydrogen and 

infrared (IR) laser irradiation environment. The thickness of the 

NGF was 100 nm and the inner diameter of the pellicle was 5.3 mm. 

(a) The maximum temperature of the freestanding NGF was 

measured by a thermal image camera as a function of the power 

density of the laser (λ = 800 nm). (b) The EUV transmission (λ = 13.5 

nm) of the NGF with increasing exposure time in a hydrogen 

environment at a power density of 5 W/cm
2
. The diameter of the 

laser beam was 4 mm and the chamber pressure in the hydrogen 

environment was 3 Pa. (c) Raman spectra of NGF after thermal 

annealing in hydrogen environment at various temperatures for 4 

h. (d) ID/IG of NGF before and after annealing at different 

temperatures. 
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based pellicle,
6
 suggesting that it is an excellent heat dissipation 

material due to the high thermal conductivity.
12

 The temperature 

profile of the NGF with a power density of 5.1 W/cm
2
 is shown in 

Figure S5. The EUV transmission was not changed after 24 h of laser 

irradiation (Figure 2b). Raman spectra before and after irradiation 

also show almost the same intensity ratios of the D to G peaks 

(ID/IG), indicating that the levels of crystalline defect had not been 

changed (Figure S6). Figures 2c and d show the Raman spectra and 

ID/IG of the NGF after the chemical stability test using a RTA system 

in a hydrogen environment (3 Pa) at elevated temperatures for 4 h. 

The ID/IG of each Raman spectrum remained almost the same as 

that of the as-grown NGF up to 500 °C, except at 700 °C where the 

ID/IG changed from 0.02 to 0.08. The excellent heat dissipation 

properties and chemical stability show the feasibility of NGF in the 

EUV pellicle environment. 

      In addition to an EUV transmission of over 90% and stability in 

thermal and chemical environments, the scalability of the 

freestanding film size should be ensured for the application of the 

NGF to EUV pellicles. Figure 3a shows the scheme of the wet and 

dry transfer (WaDT) process for the fabrication of the large-scale 

freestanding NGF with a freestanding size of 50 × 50 mm. The 

fabrication procedure for the large-scale freestanding NGF is as 

follows: NGF coated with PMMA was floated on water and then 

transferred onto a polycarbonate track etched (PCTE) membrane. 

The half-dried PMMA/NGF/PCTE was attached directly onto a 50 × 

50 mm frame with adhesive. Finally, the PCTE membrane was 

simply detached from the PMMA/NGF, and the PMMA was 

removed by oxygen plasma treatment (Supporting Information, 

Figure S7).
19,20

 The product of the large-scale freestanding NGF (50 

× 50 mm) is shown in Figure 3b. The thickness of the freestanding 

NGF was 86.06 ± 8.13 nm, which was obtained from EUV 

transmission map (57.59 ± 2.91 %, Figure 3c).
11

 To obtain a high 

EUV transmission large-scale freestanding NGF, thickness of a NGF 

was reduced by oxygen plasma. As a function of etching time, the 

transmission of the NGF at visible light (λ = 550 nm) was measured 

with UV-vis-NIR spectrometer (Figure S8). The large-scale 

freestanding NGF having the thickness of 59.73 ± 5.83 nm was 

fabricated by applying this treatment condition, as shown in Figure 

3d. The EUV transmission of the NGF is 68.17 ± 2.91 %. We found 

that the areal non-uniformity of EUV transmission might be induced 

by large wrinkles of freestanding NGF
6,21

 formed in the NGF transfer 

processes conducting in ambient condition. Even though further 

studies are needed to get a uniform-transmission freestanding film, 

a large-scale freestanding NGF (or full-size NGF pellicles) with a high 

EUV transmission, above 90%, can be obtained by plasma 

treatment. 

Conclusions 

The excellent optical properties, high thermal stability, and the 

possibility of large scaling of the NGF demonstrate 

convincingly that NGF is the best material for the EUV pellicle. 

The EUV transmission of 92% on freestanding film (10 mm in 

diameter) and 50 × 50 mm freestanding NGF with 59.7 nm 

thickness is demonstrated. NGF shows exceptional heat 

dissipation properties under IR laser illumination with a power 

density of 9.9 W/cm
2
 and excellent chemical stability at 500 °C 

in a hydrogen environment. The NGF is expected to be the 

best material for EUV pellicles, and we believe the use of NGFs 

in EUVL moves up the implementation of high volume 

manufacturing of nanoscale devices beyond 10 nm. 
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-4πκt/λ
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1. Transmission and absorption of NGF at EUV (λλλλ = 13.5 nm), visible (λλλλ = 550 nm), 

and IR (λλλλ = 800 nm) wavelengths 

For EUV, the transmission of the NGF can be expressed in terms of the optical 

constant for the EUV regime β ≈ (r0∙λ
2
/2π)ncf2c(0), as TEUV = e

-4πβN∙d/λ
 where N∙d is 

thickness of the film, λ is wavelength of the EUV, r0 is classical electron radius, nc is 

atomic density of NGF, and f2c(0) is the imaginary part of the atomic scattering factor of 

carbon at normal incident angle
11

. For visible light, transmission can be expressed as T = 

e
-4πκt/λ

 where κ = 1.3 is the extinction coefficient of graphite at λ = 550 nm, and t is the 

thickness of the NGF. 

 Absorption of light in a material can be expressed as A = 1 – T – R, where A is 

absorption, T is transmission, and R is reflection. With 100-nm-thick NGF, an EUV 

transmission at 13.5 nm can be calculated with TEUV and β, and the value is 52.6%. 

Reflectance is not considered because of the very small value. Thus, the absorption of the 

NGF at the EUV wavelength is 47.4%. At the IR wavelength (800 nm), the transmission 
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equation is almost the same as that of visible light except the value of κ. κ = 1.7 is 

introduced and the transmission at a wavelength of 800 nm is 6.9%. Reflectance can be 

expressed as R = ((n – n0)
2 

+ κ
2
)/((n + n0)

2 
+ κ

2
 ) and is 36.5%, where n0 = 1 is the 

refractive index of vacuum and n = 3.0 and κ = 1.7 are the real and imaginary parts of the 

complex refractive index of the NGF
18

. So, the calculated absorption of the NGF with the 

thickness of 100 nm is 56.6%. This is very close to the measured value of absorption of 

NGF, 57.1% (Figure S3). 

 

2. Removal of PMMA by oxygen plasma treatment 

A PMMA layer in the scooping and wet and dry transfer (WaDT) methods was used 

as a support layer for stable transfer of NGF on the frame. Generally, PMMA was 

removed by thermal annealing and solvent rinses
19

. Although these methods are useful in 

the case of NGF transfer onto flat substrates, in cases of large-scale freestanding NGF, 

the sagging problem and the destruction of NGF by thermal annealing and/or surface 

tension between NGF and solvent were observed. Thus, we used the method of oxygen 

plasma treatment to remove the PMMA for large-scale freestanding NGFs. The pressure 

of oxygen was ~ 0.38 Torr, and plasma with a radio frequency of 13.6 MHz and power of 

50 W was used. Large-scale freestanding NGFs were treated for 5 min. Figure S7 shows 

the optical images of as-grown NGF, PMMA/NGF, NGF treated by plasma for 2 min, 

and 5 min. After oxygen plasma treatment for 5 min, PMMA was completely removed 

from NGF. 

 

3. Control of NGF thickness by oxygen plasma treatment 

Page 6 of 15Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

3 

 

NGF synthesized at 1000 °C was coated with PMMA layer, and then it was 

transferred on a 20 × 20 mm frame by WaDT method after Ni etching and cleaning. The 

conditions for the oxygen plasma were the same as that for the removal of PMMA. After 

the removal of PMMA layer on NGF by oxygen plasma treatment for 5 min, NGF was 

treated by plasma for additional 5 min to 80 min. Figure S8 shows the variation of the 

transmission of NGF at the visible wavelength of 550 nm as a function of oxygen plasma 

treatment time and the photo images of NGF/PMMA and NGF treated by oxygen plasma. 

Thickness of NGF was calculated by Beer-Lambert law (See chapter 2 about 

transmission and absorption of NGF). As plasma treatment time was increased, thickness 

of NGF was decreased. The etching rate of NGF by oxygen plasma was ~0.226 nm/min. 

For 80 min of plasma treatment, the transmission of NGF is enhanced by 9%, and 

thickness of NGF is reduced by 18.7 nm. The photo image of NGF after oxygen plasma 

treatment (Figure S8D) is more transparent than that of NGF before treatment (Figure 

S8C). Graphene (or multi-layered graphene) was generally damaged after oxygen plasma 

treatment
20

. So, we evaluated the plasma-induced defects of NGF by Raman 

spectroscopy. Generally, our NGF shows ~0.02 of ID/IG in Raman spectroscopy. After 

removal of PMMA from PMMA/NGF by plasma treatment for 5 min, ID/IG was 

increased from ~0.022 to ~0.053. After 80 min, ID/IG was increased to ~0.134, as shown 

in Figure S8B. 
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Figure S1. Scheme of EUV lithography. An EUV beam generated from an EUV source 

is reflected via an EUV mirror and goes through the pellicle twice by a reflection mask. 

Energy efficiency transferred onto Si wafer that directly affects production efficiency is 

proportional to the square of the pellicle transmission, and thus improvement of EUV 

transmission of the EUVL pellicle is required. 
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Figure S2. Thickness of nanometer-thick graphite film (NGF) measured by AFM. 

(A) AFM line profiles obtained at the edge of the NGF from 18 nm (i) to 78 nm (v). Each 

thickness was obtained after transfer of the NGF on to a Si wafer. (B) Typical AFM 

topographic image of NGF (34 nm thick). The scale bar of (B) is 5 µm. 

Page 9 of 15 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

6 

 

 
 

Figure S3. Reflectance and transmission of the 100 nm thick NGF measured by UV-

vis NIR spectrometer. (A) Reflectance and (B) transmission of the NGF to the incident 

light were measured as 37.4% and 5.5%, respectively. At a wavelength of 800 nm, 57.1% 

of the incident laser power was absorbed and converted into heat in NGF. 
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Figure S4. TEM cross-section image and electron diffraction pattern of NGFs. (A-C) 

High-resolution TEM cross-section images of the NGFs of various thicknesses. The 

thicknesses of NGF synthesized at 910, 925, and 1000 °C were 18, 28, and 67 nm, 

respectively. The top-right inset of (A-C) show the cross-sectional view of each film. The 

bottom-right inset of (A-C) show the magnified image of the marked area in (A-C) and 

the layer distance from the intensity profile. They are very close to theoretical layer 

distance of the graphite, 0.335 nm, and show a well-arranged layer structure. (D-I) The 

selected area electron diffraction (SAED) patterns of (A-C). Each NGF has similar SAED 

patterns: (i) well-defined hexagonal and (ii) hexagonal patterns by overlapped grain, 

indicating the polycrystalline structure of the NGFs. Each SAED pattern was collected 

using a 1.2 µm aperture. The scale bar is 5 nm. 
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Figure S5. Temperature profile of NGF with IR laser irradiation. (A) The thermal 

image of the NGF pellicle with 5.1 W/cm
2
 of IR laser irradiation, and (B) temperature 

profile. The scale bar of (A) is 2 mm. The inner diameter of the free-standing pellicle was 

5.3 mm and outer diameter of the frame was 12.0 mm. An IR laser with a wavelength of 

800 nm was illuminated onto the center of the pellicle. About 92% of total intensity of 

the incident beam was focused within 2 mm from the center of the beam. Temperatures 

profile of the NGF was obtained from the analysis of thermal image, and the temperature 

profile (Figure S5B) was fitted using polynomials. 
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Figure S6. Raman spectra of the NGF pellicle before and after IR laser irradiation. 

(A) Raman spectra of the freestanding NGF pellicle before and after IR laser irradiation. 

(B) No enhancement of the D-band was observed after IR irradiation. 
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Figure S7. Optical images of NGFs and PMMA/NGFs before and after O2 plasma 

treatment. After oxygen plasma treatment for 5 min, PMMA was completely removed 

from NGF. The pressure of oxygen was ~ 0.38 Torr, and plasma with a radio frequency 

of 13.6 MHz and power of 50 W was used. 
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Figure S8. Control of NGF thickness by oxygen plasma treatment (20 × 20 mm 

frame). (A) Variation of the transmission of NGF and calculated thickness at visible 

wavelength of 550 nm as a function of oxygen plasma treatment time. Thickness of NGF 

was calculated by Beer-Lambert law (See chapter 2). For 80 min of etching time, the 

transmission of NGF was enhanced by 9% and the thickness of the NGF was reduced by 

18.7 nm. (B) Raman spectra of NGF, NGF (R-PMMA) (PMMA removed from NGF), 

and NGF treated by plasma for 80 min, and (C-D) the photo images of NGF (after 

removal of PMMA) and NGF treated by oxygen plasma for 80 min. The inset of (B) is 

ID/IG ratio of each film.  
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