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Silica nanoparticles have many interesting properties; for example, a high surface
area, high mechanical strength, thermal and chemical stability, permeability, and a low
-refractive index and especially optical properties. Therefore, these particles are
eftectively applied for fillers in light diffuser film as type of volumetric diffuser. The
light diffuser film is an important paxt of backlight unit of the liquid crystal display
(LCD). The film generally employs fillers as a function of distributing the incident light
and contributing the brightness. Therefore, structure of fillers is one of the main roles
for improving performance of light diffuser films. For this reason, hollow structures of
silica nanoparticles have shown a great promise to reduce light absorption of them in
the diffuser films. Meanwhile, morphologies and surface properties of hollow silica
nandparticles probably affect the formation of good light diffuser film, which requires
for LCDs. According to the assumptions, this work only used different structures of
silica nanoparticles to fabricate, investigate, develop and innovative approach in

prod'ucing films with high optical properties which are applied for light diffuser film.




All films in the study are fabricated by a bar coating machine and cured by a UV-photo
surface processor. The study is mainly organized as follows

Chapter 1 introduces general backeround of silica especially silica nanoparticles and

hollow silica nanoparticles. It mainly focuses on optical properties of the particles to

apply for fabricating light diffuser films. Meanwhile, the important of a light diffuser
film in backlight unit of LCDs is briefly introduced. Moreover, light scattering involving
optical properties of particles in the films is described. Based on the attempt to fabricate
light diffuser films with varying morphologies of silica in nanoscale and simplify the

coating process, the goal of this study is conceptualized. |

Chapter 2 describes a facile method to prepare the highly loaded silica dispersions. The

method was the matching refractive indices of the silica nanoparticles and a UV-curable

acrylate monomer. The obtained dispersions exhibit a long-term stability of silica

dispersions during dark storapge. This is due to the reduction of particle-particle

attraction forces. Such dispersions were further coated on cleaned glass substrates for

fabricating the thin solid silica UV-cured films. The amount of silica nanoparticles in
the films was varied from 1 to 80 vol %. The coated films were investigated their optical
properties by a UV-Vis-NIR spectrophotometer. The total transmittances of the films
are close to the bare glass which indicates the films transparency. The increment of
silica nanoparticles in the films does not significantly affect their transmittances but it
improves the diffuse transmittance. The reasonable explanation is an enhancement of
the multiple scattering in the films through the particles. The increased amount of
silica nanoparticles also leads to the formation of the aggregated particles with a larger
size and homogeneous dispersion as evidenced from the FE-SEM images. Remarkably,
the thin solid silica film containing 30 vol% silica nanoparticles exhibits the highest

diffuse transmittance in this experiment, which is about 20%. These indicated that the

amount and distribution of the silica nanoparticles strongly affect the improved optical
properties of the thin solid silica UV-cured film.

Chapter 3 applies spherical silica nanoparticles containing dense structures to modify

UV-cured acrylate films. The films were prepared by coating suspension of
silica-acrylate on cleaned glass substrates. The effect of the particle content on the
optical properties of the modified films was investigated. The light diffusing ability of
the films was also studied using an apparatus equipped with a laser lamp. Based on the
visible absorption data, the transmittance of all the modified film coated substrates is
lower than that of the unmodified film. The transmittance of the modified films




decreases with the increasing silica content. The increasing silica content also improves
the haze and light diffusing ability of the modified films. The highest haze of about 0.26
and the largest range of scattered light were achieved. from the film modified with 30
vol% particles. These nanoparticles show a good potential to improve the optical
properties of the UV-cured acrylate film, especially the light diffusing property that
| may be utilized in electronic display technologies.

Chapter 4 uses silica nanoparticles containing hollow structures to improve optical

properties and light diffusing ability of UV-cured acrylate film. The hollow particles

calcined at temperature of 400 °C were dispersed in_a UV-curable acrylate monomer
solution. The obtained dispersion was then coated on a cleaned glass substrate. The
amount of the particles in the coated films was varied from 5 to 20 vol%. The optical
properties and the light diffusing ability of the films were studied and then compared to
those of the cleaned glass. As a result; the films become opaque when the amount of the
particles increases. Although the opacity of the films was observed, the tlotal
transmittance of those was still high and close to that of cleaned glass substrate.
Interestingly. a film based on 20 vol% hollow silica nanoparticles gives the highest total

transmittance (93%) and diffuse transmittance (40%) when comparing to other films in

this_experiment. Meanwhile, the increased amount of the particles leads to the

formation of aggregated particles with a larger size and homogenous dispersion as
evidenced from the FE-SEM images. It also improves the optical properties of the
films; for instance, diffuse transmittance and light diffusing ability. According to these
results in the study, it can be concluded that the films based on the hollow silica
nanoparticles as fillers have potentially in application as light diffuser films in the LCD
industry.

Chapter 5 controls the morDholoEies and. surface properties of hollow silica

nanoparticles with varying pH of HCl in the core-template removal process. The

obtained particles were then dispersed in a UV-curable acrylate monomer. The

dispersions containing different hollow particles were employed to fabricate
| silica/UV-cured polymer composite films. The high pH of HCI produces the thinner shell

and larger window cavities of the hollow silica nanoparticles. Moreover, it provides the

higher specific surface area of those. Meanwhile. the film embedded with hollow silica

nanoparticles, which contain larger size of hollow interiors. thinner shells, larger

window cavities and high specific surface area exhibits higher total transmittance
(~80%). higher diffuse transmittance (~80%) and better light diffusing ability when




comparing to other composite films. Its properties still maintain at longer wavelength.
Therefore, the distinet morphologies and surface properties of the hollow silica
nanoparticles significantly affect the optical properties and the morphologies of the

resulting films. In addition, the hollow silica nanoparticles with hierarchical structures

are one of the effective inorganic ﬁllgrs for light diffuser films which probably reduce
the number of backlight unit in the LCD industry leading to energy saving and

subsequently light-weight LCD screens.

Finally, Chapter 6 presents the overali concluding remarks of the present work and the

directions for the future research. The techniques presented in all studies of this

dissertation provide an informative foundation for the structures of silica nanoparticles.
which affect optical properties of silica films. It is a template and a saving energy
approach for the various future applications in the field of optical materials, especially
light diffuser films for backlight unit in the LCD industry.
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氏名学位の種類学位記番号学位授与の日付学位授与の条件学位論文題目ワライポン　スタパンディトボンWALA目）Ol〜N　S纏丁｝｛A8AN◎｜TPO鑓G博士（工学）博第1055号平成28年3月31日学位規則第4条第1項該当　課程博士SY｝｛THESIS　OF　HOLLOW　SILICA　NANOPARTICLES　AND　THEIR　STRUCTURE．CONTROL　FOR　OPTICAL　PROPERTIES（中空シリカナノ粒子の合成および光学特性付与に向けた構造制御）論文審査委員主査教授教授教授藤　正督安達　信泰井田　隆論文内容の要旨　SiHca　nanoPを1rticlos　have　mξmy　interesting　P1・operties；R）宝exan〕plo，　a　high　sur侮ce雄a，high　lnechanical　stピe剛h，　thermal　and　che翻cal　stab三1ity，　permeab川もy，　a品｝110wref已ctive　illdex　alld　espec三ally◎pt｛cl、1　P虻oP咀ies．「r玉】e〕・elbre，　theso　paピ酎es　areef｛b¢tiVely　al）PliCd　fbP　flne懇＄ir匡1ight　di茸11＄er貨hn　aS　tyl〕e　Of　VOIU亘netriC　dif∩18e1“．「rhelight　di£n18er　f延m輌s　an　impO主tant　pa宝もof　bacldight　u1茎it　of　the玉｛（luid　c主ystal　diSplay（LCD＞．　The　film　generally　e111p玉◎ys旬］eτs　as　a　fしmcti◎110f　distributing　the　inc輌dent　lightand　contributing　the　briglltness．　Therefbre，　st宴ucもu主e　of伍董ers　is　one　of　the　maill　roles負）宝impr◎ving　Per伝mt夏nce。f］ight　di飽s。迫玉立ns．　For　th輌s　reason，　hollow　structures　ofsilica　nanoparticles　have　showぬag主eaもP主◎mise　to　re（1uce　1輌gh七abso理）tion　of　them　inthe　d迅妓ser丘1ms．　Meanwhile，　moオph◎logi6s　and　suぬce　propeTties　of　hollow　slIicanan6Parもicles　probably　a鑑ct伽伽matioD◎f　goo曲ght　dif丘se宝田m，　which　req庇esfbr　LCDき．　A�Sr雄g七〇the　assumptions，　this　wo翌k・◎W　used　d疏rent　structures　ofs伍ca　nanop鱗iclesもo趣b宝icate，　investigate，　develop　and　in且ovative　apProach　in　　　のproduc輌ng丘1ms　with　high　optical　prop《批ies　which　are　apPlied丑）r五ght　d搬se℃劔m．hollow　silica　nano　artic｝es．　It　mainl　fbcuses　on　o　tica1acrylatedis　ersionsreductionarticles　to1ighC　di緬sera枕rac七ion｛bオces・Such　dispersiolls　weオe釦rtheオcoated　on　cleaned　glass　substrates＆）τ癒bric沽ing　the　thm　solid　silica　UV・cured｛ilms．　The　amou1ユt　of　silica　nanoparticles　inthe　films　was　varied丘om　l　to　30　vo1％．　The　coa捻d　films　were　invest輌gated　their　o西calproperties　by　a　UV御Vis・NIR　spectrophot◎meter．　The加talもransm批ances　of　the　611nsare　c1◎se　to　the　bare　glass　which　indic硫es　the　films　transparency．　The　incオem飽t　ofsilica　nanoparticles　in　the五1m8　does　not　signi登cantly　a提ct　their　transmi☆ances　but　itimpyoves　the　d髄seもr銀smittance　Theτeasonable　explanatioヨ1戊s　an　e曲ancem題t　ofthe　mul吻le　scatte℃ing　in　the　f三1ms　through　the　particles．　The　increased　amou就ofsilica　nanoparticles　a｝so　leads　to　the　fbr］mati◎n　o銑he　aggregated　partic互es　with　a　laどgersize　and　hornogeneous　dispeピsi◎n　as　evidellced丘om七he　FE．・SEM　images．　Remarkab1鮪theもhin　solid　siliea　film　containing　3◎vol％si1輌ca　nan◎paオticles　exhibits　the　highestdif釦se　t鷲ansmittance　in　this　experinle瀧which　is　about　20％．　These　irtdi�閣ed　that　theamount　and　distオibution　of　the　silica　nano　articles　s壮on　l　a飽d　the　im　roved◎6ca1rO　ertieS　Of　the　thill　SOlid　SiliCa　W冶CUred　film．herical　silica　nanoTheprel）areddense　structures　to　n互odicoatmgsili�梶facry茎ate・n　cleaned　glass　substrates．　The　e飽ct・f　the　pa主ticle　c・n七en土…theoptical　proper垣es　of　the　modified　films　was　invest輌ga七ed．　The　light　dif白sing　abili七y　ofthe　films　was　also　studied　using　an　apPara加s　e（1uipPe（l　with　a　Iaser　la］mp．　Base（i　on　thevisible　absorp七ion　data　もhe　tralls’頭もtallce　of　all　the　modifie｛i£口m　coated　subst「ates　islower　than　thaもof　the　umnodi丘ed　film．　The毛ピansmittance◎f　the　mod迅ed　filmserties　alld　li　ht　dif良葦sin，abilitcalciI〕ed就tempe’atもlre　of　400　C　were　dispersed　in．aU、みcurable　acrylate　tコ〕01〕omersolution．　The　obtallled　dispersion　was　then　coated　on　a　clealled　glass　substrale．　Theamou1“of　the　particles　in　the　c◎ated　films　was　var三ed　fi’om　5　t◎20　vol％The　opticalproperties　and　the　ligl“di』簡sing　ability　of　tl〕e田ms　were　s加diod　alld　thell　compared　toth◎se　of　the　cleaned　glass．　As　a　result；’he　61ms　become　opa甲e　whell　tlコe　amotmt　oftheparticles　11〕creases．　Although　the　opac｜ty◎f　tho日lms　was　observed，　the　totaltransmlttance　of癒ose　was、still　high　and　close　to　that◎f　cleaned　glass　st｜bstrate．Llterestin　yl　afih〕1　based　on　20　vol％hollow　s目ica　nal〕o　articles・ives　tlie　hi　hest　totala11とl　d｛fftlse　transmitta〕1ceto　othel・fih〕、s　inf已b1・icate・site飽〕§・The　high　pH・fHCl　pr・duces　the　thin1・er　shel1and　large¢window　cavi七ies　of　the　h◎110w　silica　nanoparticles．　More◎ver，　it　provides　thhigher　speci丘c　surface　area◎f　those．　MeanwhHe　the狙m　e加edded　with　hdl◎w頭canano　articles（〜80％her　difξuse　transmittance（〜80％heピ　total　transヱnittanceare　one　of　the　ef飽c七ive　in◎r　anic丘11ers丘）r　l批di鐙1ser五1〕ms　whlchnUmber　of　backl　ht　un託　in　theht　LCD　screells．曾educerese砿s　the　overa玉1　co刀cludm　remarks　of　the　rese泣work　alld　thedirections　最）r　the　f已七11τe　re8earch．　The・techn1all　s七udies　of七hisrovide　all　in丘）ピ1native　fbundati◎n長）主the　strllctures　ofsilica　nano　articleserties　of　silica’mms．　lt　is　a　template　and　a　saving　ene℃gyapPrOaCh　fbr伽VariOt1S釦tUre　apPliCatiOnS　in　the超eld　Of　Opt輌Cal　mateτfa］S，　eSpeCiallylight　d遜user　films　fb℃backlight　unit　in　the　LCD　mdustr5た論文審査結果の要旨　液晶ディスプレイが広く使われている中、液晶ディスプレイバックライト用光拡散ユニットはなくてはならない物である。光拡散ユニット内の拡散粒子には光の減衰が少なく、光拡散が多い特性を持った粒子が理想であり現在それに関する研究が盛んに行われている。そのような背景の中で当研究グルーは、中空粒子と呼ばれる内部の空洞と外部のシェルから構成される粒子に注目し研究を行っている。研究では、中身の詰まった中実粒子、中身が空洞の中空粒子、中空粒子の側面に窓のような穴の空いた中空窓穴粒子を拡散粒子に用いることで、光学特性にどのような違いがみられるかを調査し、光拡散に最適な粒子構造の解明を目的としている。　本実験では、紫外硬化樹脂に拡散粒子を含有させ拡散膜とし評価した。アクリル系紫外硬化樹脂に散粒子を分散させ、バーコーターを用いてスライドガラスに製膜した。その後紫外線を照射し樹脂を石1化させ拡散膜とした。用いた拡散粒子は申実粒子、中空粒子、中空窓穴粒子の3種類を選択し、中実＊、子／中空粒子含有薄膜の評価を行うことで、中空構造を持っことによる光拡散の違いの調査、中空粒子中空窓穴粒子を用いることで粒子形状の最適化を目的とした。今回使用した中空粒子は無機粒子テンレート法により作製しているが、この方法はコアとなる無機粒子にゾルゲル法を用いてシリカのシェノをコーティングし、酸処理を施すことによりコアを除去することで中空構造の粒子を得るという方法である。中空粒子におけるシェル厚、内径、シェル密度などの微構造は、例えばシリカ源の添加量により調整可能である。今回はシェル厚、内径、シェル密度、比表面積を変えることによって、光拡散に最’な中空粒子微構造の調査を行った。　中実粒子を紫外線硬化樹脂に含有させることにより光の拡散性能は向上したが、依然拡散透過率は｛一かった。それに対して、中空粒子含有薄膜における光拡散透過率は、中実粒子含有薄膜よりも高い値を示し、拡散透過率の向上に成功した。中空構造を有することで光拡散性が向上したことが示唆される。さらに紫外線硬化樹脂中の中空粒子の濃度をあげることで、拡散率が劇的に向上した。粒子濃度をあげることにより・懸濁液の粘度が増加し粒子同士が凝集しやすくなる。薄膜内での粒子の凝集が光拡散には重要な要因の一っで、凝集径の制御はシリカ微構造や、溶液粘度に依存する。シリカのシェル密度を変え樹脂に含有し薄膜の評価を行ったところ、光透過性が減少した。これはシェルの密度が高い粒子｝シェルでの光の吸収が起きるためであると考えられる。本研究で様々条件を変え作製した拡散膜においては中空粒子の空洞部の直径が大きく、シェルが厚く、シェル側面に穴が開き、比表面積の大きな構’。を有した中空粒子を用いることで高い光拡散性を示すことが分かり、その時得られた粒子の凝集が光散に適していることが示唆された。　以上の結果より中空粒子を光拡散粒子として使用することで拡散膜の光拡散性が向上することが分かった。中空粒子を液晶ディスプレイバックライト用光拡散ユニットに応用すれば高拡散のユニットとなるため省エネが期待できる。この粒子の発明は材料科学における工学的意義が非常に大きい。以上により、本論文は、博士（工学）の学位授与に相当する内容であると認められる。

