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This research has successfully developed a low temperature
solution-processed high performance gas barrier thin-film using perhydropolysilazane (PHPS)-derived
SiNy layers by VUV irradiation under N2. It was found that the density of SiNy layers increased with

increasing VUV dose due to the formation of Si-N networks accompanied by removal of H2. The denser
and the thicker the film, the higher its barrier performance became. However, cracks widened as the
VUV irradiation dose and film thickness increased due to the internal strain caused by the volume
shrinkage, eventually resulting in poor barrier performance. By optimizing the conditions with a
film thickness of 200 nm and a VUV dose of 12 J/cm2, the best barrier properties in terms of WTR
value of 4.8x 10-5 g/m2/day were achieved with a total layer thickness less than 1 um, thus making
them suitable for use in flexible organic devices, as well as in other applications.
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1. WFZERRARY WD 5

Organic light-emitting diodes (OLEDs) are expected to become the next-generation of
displays and lighting, due to their ability to be produced in large-areas through a low-cost,
roll-to-roll (R2R) manufacturing process using flexible film substrates (FOLEDs). However,
OLEDs are vulnerable to moisture and oxygen and require glass encapsulation, which
decreases flexibility and adds weight. To protect OLEDs from the environment, a thin film
encapsulation (TFE) with alternating stacks of inorganic and organic materials is used. The
inorganic material works as a barrier to block water vapor and dioxygen, while the organic
material enhances the flexibility. However, such complex structures are currently only
achievable through vacuum deposition techniques, like sputtering, chemical vapor deposition
(CVD) and molecular/atomic layer deposition (MLD/ALD), involving multiple deposition
chambers, which can be time and energy consuming, making these methods expensive and
limiting their applicability to small-area devices. To maximize the potential of FOLED
technology, developing a solution process for high-performance TFEs is necessary, to reduce

costs and manufacture large-area devices.

2. WHEOHBY

The popular sol-gel method of dense ceramic thin-film deposition requires high-
temperature thermal treatment, making it incompatible with both sensitive organic active
materials and plastic film substrates. Therefore, we are focused on exploring a non-heating
annealing method, using high energy vacuum ultraviolet (VUV) light (A= 172 nm) to convert
precursors into solid films. By utilizing Polydimethylsiloxane (PDMS) solution precursors,
we have successfully formed a PDMS/SiOx multilayer that can be applied directly to the
OLED without any damage. However, the barrier performance of this PDMS/SiOx film was
not enough, so we further explored perhydropolysilazane (PHPS) as a potential barrier
material. We are able to coat the PHPS layers on PDMS/SiOx and then convert it to SiNy with
VUV irradiation, achieving a much higher TFE barrier performance with a water vapor
transmission rate (WVTR) of the order of 10-3 g/m?/day.

The main goal of this project is to improve the barrier performance of PHPS layers to meet
the requirement of WVTR of 10-5 g/m?2/day for FOLEDs. In addition to exploring the potential
of photochemical gel conversion, various crystalline and amorphous metal oxide thin films,
such as ZnO, SnOx and TiOx, have been synthesized through VUV irradiation of metal-
organic precursors. Their functionalities have been found suitable for applications beyond
TFEs, such as a color-tunable photoluminescent core-shell thin film and an electron injection

layer for an inverted OLED device.

3. WHEDITIE

Thin film preparation. PHPS was obtained from Shin-Etsu Chemical, Japan as a 20wt%
solution in dibutyl ether (DBE), further diluted with anhydrous DBE (99.3%, Sigma-Aldrich)
to necessary concentrations before spin-coating to control the thickness of the resulting films.
The PHPS layers were irradiated with a vacuum UV (VUV) light generated by a Xez excimer
lamp (1= 172 nm, photon energy = 7.2 eV = 696 kJ/mol) at a distance of 2 mm from the lamp
surface to achieve an average irradiance of 20 mW/cm2, Hamamatsu Photonics or 85 mW/cm?2,
MEIRHA-MS-1-152-H-L2, M.D.COM) for a controlled period. These layers were either

prepared on (100) cut Si single crystal wafer or on PI/PDMS samples for characterizations.



Thin film characterization. The film thickness and refractive index (n at 850 nm) were
measured on a J.A. Woollam VASE 32 spectroscopic ellipsometer. Fourier transform infrared
(FTIR) transmission spectra were measured on a Thermo Fisher, Nicolet is50. The WVTR of
the PHPS layers deposited on the PI/PDMS film were measured by the modified differential
pressure method on a Super-Detect (effective permeation area: 40 mm®, MORESCO) at
40 °C and 90% relative humidity. Cross section of a PDMS/PHPS coating on Si substrate was
fabricated on a focused ion beam (FIB) and observed by transmission electron microscope
(TEM) measurements using an analytical electron microscope (ARM200F, JEOL Ltd.). X-ray
photoelectron spectroscopy (XPS) and Dynamic secondary ion mass spectrometry (D-SIMS)
depth profiles were measured by K-Alpha+ (Thermo Fisher Scientific) and ADEPT1010

(Physical Electronics) instruments (Sumika Chemical Analysis Service, Ltd.), respectively.

4. WHIERCR

4.1 FTIR spectra and refractive index

The PHPS solution was spin-coated onto a Si wafer and its photochemical conversion was
studied under VUV irradiation in an Nz-glovebox. Figure 1 shows the changes in the FTIR
spectra (a) and the refractive index/film thickness measured by ellipsometry (b) under
various VUV irradiation time ranging from 0 to 2500 min for a more detailed analysis of the
conversion process. IR absorption peaks representing Si-N vibration of the main chain (830
cm'l) increased, while those representing Si-H vibration (2,163 cm'?) and N-H vibration (3,374
cm')) decreased in intensity. Furthermore, the refractive index (n@850 nm) increased from
1.55 to 1.73, while the film thickness decreased from 357 to 270 nm following a 2500 min
VUV irradiation. These FTIR and ellipsometry observations can be attributed to the
formation of Si-N bonds, where the N-H bonds undergo preferential cleavage while some of
the Si-H bonds remain, which leads to inter-chain Si-N bonds that solidify the layer.
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Figure 1. (a) FTIR spectra and (b) film thickness and refractive index of PHPS layers as a
function of VUV irradiation time. (c) XPS depth profile of Si, O, N (green, above) and D-
SIMS depth profiles of H (red, below) for a PHPS layer irradiated by VUV for 20 min.

4.2 XPS and D-SIMS spectra

XPS and D-SIMS depth profiles of Si, O, N, and H element signals were measured for a PHPS
coating irradiated by VUV for 20 min (Figure 1c). The very surface had only a small amount
of N, but O accounted for more than 50% instead, the composition was close to S102. As the
depth increased, the composition gradually changed into SiNy, accompanied by a significant
reduction in O concentration. H concentration was measured by D-SIMS. The change in H

concentration followed the same trend as that of N--zero at the very surface, increasing



gradually, and reaching a constant when the surface layer went deeper than 20 nm.
It is evident that the surface of PHPS is converted to SiOs2 when it reacts with residual O2
even in the N2-filled glovebox and releases NHs, while the internal volume is cross-linked by
the formation of Si-N bonds accompanied by the removal of Hs to solidify as SiNH.
4.3 Fabrication of PDMS/PHPS layer for WVTR test
For WVTR measurement, a PI/PDMS film was spin-coated with a PHPS layer. The elastic
PDMS was critical in providing the necessary flexibility to the layer, thus avoiding cracks in
the PHPS layer. Moreover, to improve the surface wettability and promote better adhesion of
the PHPS layer, the PI/PDMS surface was exposed to VUV-treatment, which converted it to
a SiOx surface. As a result, a cross-sectional TEM image of the seamlessly connected
PDMS/PHPS layer was presented in Figure 2a, without any cracks or pinholes. The WVTR
values of the PI film and the PI/PDMS structure were 9.0 and 1.0 g/m2/day, respectively.
These values are much lower than the WVTR of 102~104 g/m2/day for the PI/PDMS/PHPS
layer, indicating that the total barrier performance is not affected by the PI or PDMS layers.
4.4 Effect of VUV intensity

The effects of VUV intensity on the refractive index of PHPS films and their barrier
performance were investigated, as shown in Figures 2b and c. The refractive index of the
PHPS layers prepared at the same VUV does, but using different lamp powers (20 and 85
mW/cm?) were found to be almost the same, indicating that the densification of the PHPS
layer depends only on the VUV dose, and not the intensity. The WVTR values of the PHPS
layers were 1.8X10-4 g/m?/day with a lower intensity, and 2.2X10-4 g/m?/day with a higher
intensity. Therefore, the VUV intensity does not significantly influence the densification of
the PHPS layer or its barrier performance. However, due to its shorter irradiation time,

higher VUV intensities can help to speed up the process.

4.5 Effect of VUV does

The barrier performance is influenced by the film density, which is directly related to the
VUV dose. Figure 3a shows the refractive index of PHPS layers (with a thickness of 200 nm)
increases with increasing the VUV dose, but the barrier performance was improved when the
VUV dose was increased from 6 to 12 J/cm? and then decreased with further VUV irradiation.
The poor barrier performance with low VUV dose is due to an insufficient density of PHPS
layer, whereas too much VUV irradiation causes the formation of cracks, resulting in poor

barrier performance.
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Figure 2. (a) Cross section TEM image of PDMS/PHPS layers on Si substrate. (b)
Refractive index of PHPS layers prepared with different VUV intensity (20 or 85
mW/cm?). (¢) WVTR values of PHPS layers prepared with different VUV intensity at a
VUV dose of 12 J/cm? and a thickness of 200 nm).



4.6 Effect of film thickness

Figure 3b shows the changes in the WVTR values for PHPS layers of various thicknesses
prepared at a VUV dose of 12 J/cm2. As the layer becomes thicker, up to 250 nm, the barrier
performance improves, but then begins to degrade with further increases in thickness. When
the layer is thinner than 150 nm, the barrier performance may be poor due to a lack of an
effective blocking layer. However, at a thickness of 500 nm, the performance degraded by
more than two orders of magnitude compared to that of the 250 nm thick layer. This can be
attributed to the increased internal stress in the barrier layers, which caused increased

cracking as the film thickness increased.

4.7 The optimized WVTR value

By optimizing the VUV dose and film thickness, the WVTR value of one unit PDMS/PHPS
layer on PI film was achieved to be 2.2x10-4 g/m2/day at a temperature of 40°C and a relative
humidity of 90%. This value was further improved to 4.8X10-5 g/m2/day with a alternating
stacks (3 units of PDMS/PDSN, as seen in Figure 3c), which is the best performance to date
for all solution-processed TFE. Such WVTR value meets the requirements for OLEDs, and a
total thickness of the TFE is less than 1 um, making it flexible.
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Figure 3. (a) WVTR values and refractive index as a function of VUV dose prepared at a
PHPS film thickness of 200 nm. (b) WVTR values as a function of PHPS layer thickness
prepared at a VUV dose of 12 J/cm?2. (c) The optimized WVTR values of one unit and three
units of PDMS/PHPS layers coated on PI film substrate.

4.8 Conclusions

This research has successfully developed a low temperature solution-processed high
barrier performance TFE using perhydropolysilazane (PHPS)-derived SiNy layers by VUV
irradiation. Barrier performance can be affected by the density, film thickness, and cracks or
pinholes. It was found that the density of SiNy layers increased with increasing VUV dose
due to the formation of Si-N networks, but it is independent of the VUV intensity. This
suggests that increasing the power of the VUV lamp and reducing the irradiation time can
help to speed up the process. The denser and the thicker the film, the higher its barrier
performance became. However, cracks widened as the VUV irradiation dose and film
thickness increased due to the internal strain caused by the volume shrinkage, eventually
resulting in poor barrier performance. By optimizing the conditions with a film thickness of
200 nm and a VUV dose of 12 J/cm? , the best barrier properties in terms of WVTR value of
4.8X10-5 g/m?/day were achieved with a total layer thickness less than 1 pm. Such simple and
fast solution processing possesses excellent barrier properties against oxygen and water
vapor, thus making them suitable for use in flexible organic devices, as well as in other

applications.



4 4 0 4

Sasaki Tatsuki Sun Lina Kurosawa Yu Takahashi Tatsuhiro Suzuri Yoshiyuki

Solution- Processed Gas Barriers with Glass- Like Ultrahigh Barrier Performance

2022

Advanced Materials Interfaces

2201517 2201517

DOl
10.1002/admi . 202201517

Uda Kyota Tsuda Yuki Nakamura Tensho Sun Lina Suzuri Yoshiyuki Yoshida Tsukasa €202200097
Tuning of morphological, crystallographic, and optoelectronic properties of CuSCN by 2023
electrodeposition
Applied Research 1-6

DOl
10.1002/appl .202200097
T. Sasaki, L. Sun, Y. Kurosawa, T. Takahashi and Y. Suzuri 4(10)
Nanometer-Thick SiN Films as Gas Barrier Coatings Densified by Vacuum UV Irradiation 2021

ACS Appl. Nano Mater.

10344-10353

Dol
10.1021/acsanm.1c01862

Sun Lina Uda Kyota Yoshida Tsukasa Suzuri Yoshiyuki 125
Photochemical Conversion of Ethanolamine-Zn2+ Complex Gel under Vacuum Ultraviolet Irradiation 2021
Associated with Color-Tunable Photoluminescence

The Journal of Physical Chemistry C 5417 5424

DOl
10.1021/acs. jpcc.1c00318




18 5 6

Lina Sun

Solution processing of functional thin films and their device applications

90

2023

L. Sun, T. Sasaki, T. Takahashi, T. Yoshida, Y. Suzuri

Photochemical room temperature solution processing of functional thin films

E-MRS 2022 Falling Meeting, Warsaw, Poland

2022

Lina Sun

Solution processing of functional thin films and their device applications

2022

2022

Tatsuki Sasaki, Lina Sun, Yu Kurosawa, Tatsuhiro Takahashi, Yoshiyuki Suzuri

Solution-Processed Ultrahigh PHPS Gas Barriers with Glass-like Performance

The 29th International Display Workshops(IDW 22)

2022




PHPS

2023

PHPS

35

EL

2022

PHPS

83

2022

2021

2021




PHPS VUV

59

2021

Ayumu Nagaoka, Kyota Uda, Lina Sun, Yoshiyuki Suzuri, Tsukasa Yoshida

Photochemical Gel Conversion of Titanocene Dichloride Precursor Layers to Titanium Oxide Thin films

2021 The 4DMS+SoRo International Summer School

2021

K. Uda, Y. Tsuda, T. Nakamura, L. Sun, Y. Suzuri, and T. Yoshida

Tuning of Morphological, Crystallographic and Optoelectronic Properties in Electrodeposition of CuSCN for Device
Applications

First International Conference on Technologies for Smart Green Connected Society 2021 (ICTSGs-1)

2021

Sun Lina Uda Kyota Yoshida Tsukasa Suzuri Yoshiyuki

Photochemical conversion of ethanolamine-Zn2+ complex gel under vacuum ultraviolet irradiation associated with color tunable
photoluminescence

2021 88

2021




PHPS VUV

2020 31 EL

2020

OLED

17

2020

Sun Lina Uda Kyota Yoshida Tsukasa Suzuri Yoshiyuki

Photoluminescent ZnO Thin Films by Photochemical Gel Conversion under VUV irradiation

Pacific Rim Meeting on Electrochemical and Solid State Science (PRIME) 2020 of the Electrochemical Society (ECS)

2020

K. Uda, Y. Tsuda, T. Nakamura, L. Sun, Y. Suzuri, and T. Yoshida

Tuning of Morphological, Crystallographic and Optoelectronic Properties of Cuscn By Electrodeposition

Pacific Rim Meeting on Electrochemical and Solid State Science (PRIME) 2020 of the Electrochemical Society (ECS)

2020




Sun Lina Uda Kyota Yoshida Tsukasa Suzuri Yoshiyuki

Highly luminescent ZnO Thin Films Obtained by VUV-assisted Sol-Gel Processing

81

2020

PHPS VUV

81

2020




