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Elucidation of a Vacuum—UV-Triggered Densification Process for

Perhydropolysilazane and Solution—Processed Ultrahigh Gas Barriers

Flexible organic light-emitting diodes (FOLEDs) and perovskite solar cells (PSCs), which have caught
much attention, require ultrahigh gas barrier with extremely low water vapor transmission rate (WVTR)
(WVTR: <10 g/m*day). The ultrahigh gas barriers, which has high barrier performance to gases and water
vapor, generally can be achieved by vacuum processes, but solution processes are preferable in terms of
fabrication cost and low carbon. The solution-processed gas barriers have low gas barrier performance due
to its low density. Perthydropolysilazane (PHPS) containing a Si-N main chain has recently attracted much
attention as a soluble precursor for dense inorganic layers. The PHPS films can be converted and densified
into SiNx films by vacuum UV (VUYV) irradiation under a nitrogen atmosphere, and the PHPS derived SiNg
(PDSN) films have achieved high gas barier performance (WVTR: <10 g/m?/day) among
solution-processed gas barriers. However, the VUV-triggered densification process is still unclear, and the
WVTR of 10~ g/m?/day has not been achieved. In this dissertation consisting of six
chapters, I obtain a guideline for making solution-processed gas barriers and realize
the ultrahigh gas barriers base on the analysis of the densification process for the
purposes of improving the PHPS gas barriers and showing the potential of the
solution-processed gas barriers. Moreover, we found that a densification due to atomic
rearrangement by VUV irradiation (nano spatial control) is important for the process.
Furthermore, I show the potential from different points of view by investigating the
stability of the PDSN films and relationship between the nano structure and gas barrier
performance.

In chapter 1, I overview the techniques for gas barrier fabrication and summarize the features and issues of
solution-processed gas barriers to state the significance in this study.

In chapter 2, I conduct the measurement of refractive index, chemical bonds, and composition in detail to
elucidate the VUV (A=172 nm) densification process of the PHPS films. As a result, it is found that
refractive index distribution in the direction of film thickness is formed due to strong VUV absorption of the
PHPS films. In addition, not only formation of Si-N bonds but also the atomic rearrangement contributes to
the densification process.

In chapter 3, the purposes are to investigate the relationship between the densification and gas barrier
performance and achieve the WVTR of 10~ g/m?/day based on the analysis in chapter 2. I
evaluate WVTR values of the PDSN films with different film thickness and VUV dose.
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I found that there was an optimum point, and the gas barrier performance was
determined by a trade-off relationship between the densification and crack generation
observed by SEM measurement. Moreover, | achieved ultrahigh gas barrier (4.8x107
g/m*/day) by fabricating 3 units structure of the PDSN films with the optimum
condition. The gas performance is obtained by the densification of the Si-N bond
formation and the atomic rearrangement. The significant potential was shown as a
solution-processed gas barrier.

In chapter 4, I evaluate the pore size in the PDSN films by means of positron annihilation spectroscopy to
investigate the relationship between the nano structure created by VUV irradiation and gas barrier
performance (International collaborative research). It was revealed that the fraction of the pores larger than
the size of HyO molecule decreased due to the Si-N formation and atomic rearrangement by VUV
irradiation. Furthermore, the gas barrier performance evaluated from water vapor stability test is improved
by the decrease of the pore fractions.

In chapter 5, I focus on a VUV lamp with 222 nm that can change the density distribution because of the
difference of VUV absorbance for further improvement of the PDSN films. I found that the densification by
222 nm was effective to suppress the crack generation. In addition, the stability against the water vapor is
determined by density at the most densified layer in the PDSN film. I discuss on further improvement of the
stability and gas barrier performance based on the results.

In chapter 6, I summarize the knowledge obtained from this research, and conclude that the PDSN gas
barrier films that the nano structure is controlled by VUV irradiation has a significant potential as gas
barriers. Although I focus on improving and analyzing intrinsic barrier performance, extrinsic barrier factors
such as particles, crack, and pinhole also have an impact on the performance. I believe that we can
simultaneously achieve the gas barrier performance equivalent to that of vacuum process by bringing the
best out of the performance by controlling not only the intrinsic and but also extrinsic factors.
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