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Abstract

Background and Objectives : Polymer thin films are materials with a thickness of less than 100 nanometers and play a
crucial role in electronic devices, including solar cells, capacitors, and sensors. Currently, the technology industry is
trending toward the development of smaller electronic devices, enhancing portability and reducing energy
consumption. This trend has led to insulation polymer film becoming thinner as well. As the polymer film becomes
thinner, its adhesion to the substrate decreases. Exposed to environmental factors like contact, humidity, or heat can
cause these polymer films to separate, develop holes, and lose adhesion to the substrate. This reduces the
performance of the polymer thin film and shortens the device’s lifespan. The addition of nanoparticles is one technique
used to improve the adhesion of thin films. The positioning of nanometer-scale particles within the polymer thin film
depends on the surface energy of the substrate, the surface energy of the nanoparticles, and their concentration, all
of which influence the film ability to resist degradation. This research aims to study the dewetting behavior of
polystyrene thin films under heat stimulation and to identify the optimal concentration of ZnO nanoparticles to inhibit
the dewetting behavior of polystyrene thin films with varying molecular weights.

Methodology : Solutions of polystyrene with molecular weights of (PS13K, PS30K, and PS50K) and a suspension of
ZnO nanoparticles (~ 50 nm) were prepared in toluene at a concentration of 0.5 wt.%. The ZnO nanoparticle
suspension was added to the polystyrene solution at concentrations of 0, 0.3, 0.5, 0.7, and 1.0 wt.%. Polystyrene thin
films were fabricated on silicon substrates using the spin-coated process. The contact angles between the liquid
droplets and the surface of the sample films were measured using a contact angle measurement, and the surface
energies of the thin films were calculated. The thin films were then heated to stimulate dewetting behavior. The surface
morphologies of the thin films, both before and after heating, were examined using an optical microscope. Finally, the

percentage of the area affected by dewetting of the thin films was calculated.
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Main Results : The polystyrene (PS) thin film had an average surface energy of 45.083 mJ/im’, whereas the PS-ZnO thin film
had an average surface energy of 45.263 mJ/im’. This result supports the assumption that the adding of ZnO nanoparticles
does not significantly alter the physical properties of the polystyrene thin film and that the inhibition of dewetting behavior is
not due to changes in surface energy. However, surface energy is used to predict the movement of ZnO nanoparticles within
the polystyrene thin film. Heat stimulation caused all the polystyrene thin films to exhibit dewetting behavior, leading to the
formatting of holes on their surfaces. With continued heating, these holes expanded and eventually merged. Ultimately, the
thin fims degraded into polystyrene droplets. An optimal concentrations of ZnO nanoparticles improves stability and
suppresses thin film degradation. The ZnO nanoparticles concentrations of 0.3, 0.7, and 0.7 wt.% were found to be the most
effective in preventing the dewetting of PS13K, PS30K, and PS50K thin films, respectively.

Conclusions : PS and PS-ZnO thin films were fabricated on silicon substrates using spin-coating. As the solvent rapidly
evaporated, the thin films solidified, generating internal stress within the films. When continuously exposed to heat, the
polymer chains in the thin films release this internal stress by moving and clustering together. This process generated
voids, initiating nucleation holes that expanded over time, ultimately resulting in the loss of adhesion between the
polystyrene thin films and the substrate. Both PS and PS-ZnO thin films exhibited dewetting behavior under continuous
heat exposure. However, the addition of a small amount of ZnO nanoparticles enhanced the adhesion stability of the
polystyrene thin films on the silicon substrate and effectively inhibited dewetting behavior. Notably, there was no
significant variation in the surface energy of the thin films, indicating that the addition of ZnO nanopatrticles did not alter
the physical properties of the polystyrene thin film. Surface energy reflects the movement tendencies of nanoparticles
within the polystyrene thin film. The ZnO nanoparticles were anticipated to migrate to the interface between the silicon
substrate and the polymer, compressing the polymer chains, restricting their movement, and reducing hole expansion.
The molecular weight of the polymer significantly influences the temperature required for heat stimulation, chain
mobility, and the characteristics of hole formation on the surface. Higher molecular weight thin films exhibit greater
heat resistant compared to lower molecular weight films, as their polymer chains move more slowly and become more
entangled. In low molecular weight thin films, hole formation is asymmetrical, with wave-like features at the hole edges
due to the higher mobility of shorter polymer chains, which can move through the gaps between nanoparticles. In
contrast, hole formation in high molecular weight thin films is symmetrical, as the longer polymer chains are more
restricted in mobility, leading the film to form new holes instead of expanding existing ones.

Keywords : polystyrene thin films ; ZnO nanoparticle ; dewetting behavior ; dewetting inhibition
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50.8 WAL Vo sometnone = 0 HAAYARABAT1910AT) (Ren et al., 2013)

Yv(1l + cosB) = Z(JydvadLv + ypSVprV> )
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3.2 Anuarnen lumsduganadananin

eAnEpaananalunsuginsdenanin Mduung PS uaz PS-Zn0 azgnnsziudasmmnuiaunisly
FaLAINNTaUgEYeYINIA (Binder, VD 23) NelAeesi 5 ﬁaamﬁf‘Lﬁ@iﬁﬁum\iLﬁquﬁmimmilﬁ@mmw Tneas
14 PS13K-Zn0, PS30K-ZnO, kAT PS50K-Zn0 NnAuidindi qﬂﬂﬁxﬁuﬁqamm%@uﬁammﬁ 100, 120, Uaz 150
BIANEALTE ATNAIAL mn&uﬁﬂmﬁﬂwm:mqﬁmjmﬁwmﬁuaqm@q?\l@”umqrﬁfmﬂé’m%mmﬂl,t,uuh?’t,t,m
(Olympus, CX31) Atndaaene 1,000 ¥ mwmﬂﬂﬁmﬂammﬂuuush?’umﬁmemﬂ?i@mmwmﬂm’um\i PS LAY
PS-ZnO Lﬁ@gﬂﬂaxﬁuﬁ’]’qmmm%ﬂuﬁmmLLmnﬁifmﬁugﬂﬁfmﬁLm’]w‘ﬁfmiﬂﬂmmﬁLﬂmw’mw WATATNUIDUIN

wefidusrasuinnndenanin (% Dewetting Area) Aananaluaunnsi (2)

) Dewetting area
% Dewetting area = ~Totalarea 100 @)

Results

1. N1PANHINANIUNUEIYBINANLN PS Uaz PS-ZnO

AMNATI U U 1896288 1AANLIIUNALAASU Table 2 AINNANITNAABINLLNAHNANTATENIN
weAaImA%Te9AaIN leaeuiuRuRa289WaNL PS13K, PS30K, way PS50K HA1ladnatifl 85.977 89A uax
w19 PS13K-Zn0, PS30K-Zn0, wag PS50K-Zn0O AinnadnsduduiiAadsath 86.189 a4/ dunaladinen

19amareslaaanlessuuuynied19ldnuznan fdunaniainussnaniinainasisdudansiieiu
FENTNIBLIAUATTIUIDY wazilesainundsAanleseuidureaunaanids AURAAANL9 PS uaz PS-ZnO
= = Py a o o : = o & a

Aufugrusesiuansaonlaifidanaenin lwsnsidyuduiaszndnmenresnaslalelalafimuiunuiozes
Wenu19 PS13K, PS30K, way PS50K HAtadnatil 28.470 84/ WATHANLNG PS13K-Zn0O, PS30K-ZnO, Uz PS50K-
ZnO AnnAnudinduiiAneatet 28.639 aarn dunalddnanresnanlalalelaiiinuuuynneselans iy

= = A R B . < = =
77U en\'iLﬂumammmm\imqmmmwmmuﬂmwmwmmmLLaxﬁﬁmm uaziilasannlalalelnfmuduaaamvand

v '
o

L wanlireasnndesiunarameniidemaainieseudfanung PS uaz PS-zn0 ilugiusesiildidonialn
Y1 A o IS o a (3 s 1 2 6 W Yo a a ?/
Wi WANLN9 PS-Zn0 azeuniaszauwnTuaesdemsan lasnanag uiiauungladlafuaninaainannuiudoves
aynaszavunluesdafeanles dullwgiulddudumsriiuineeseyniaszauunlugesdedeenladniines
wnderlidsnasiaaniinianisninaesiianuns PS M liAynduiassnd e anani 2 Ussiny uuiuiones
Fduun9 PS waz PS-zn0 HAnlnalAeaiis (Wongtrakul et al., 2017; Thapoung et al., 2018) WALANNNTANHINUIAE
‘dl 1 ¥ ¥ o [ 1 o a6 1 ¥ ¥
Mrnunn Bnnnendudureseynipsziuun lulidenasednumuznianinaesilanung uiFuuanududuses

aynaszavnuniinfullananaaidudsaelunnssfulimauunanianisdenanniiaaiu (Barmes et al., 2000)
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Table 2 Contact angle and surface energy of polystyrene and polystyrene composite thin films.
" d p
samples ev(vgier edmd(()‘r’rsethane (rrz}/sr:llz) (rrz}/sr:llz) (m]l(jr\;z)
Polystyrene composite thin films 13,000 g/mol (PS13K-ZnO)
PS13K 86.828 £ 0.440 | 29.011+£1.138 | 43.000 +2.016 | 1.184+0.183 | 44.184 +1.845
PS13K-Zn00.3 86.998 + 0.526 | 29.080 £ 0.672 | 43.892 +0.267 | 1.053+0.077 | 44.945+0.322
PS13K-Zn00.5 84.156 £+ 0.347 | 28.833+0.660 | 43.991+0.262 | 1.621+0.103 | 45.612 +0.183
PS13K-Zn00.7 85.030 £ 2.479 | 29.050 +£0.689 | 43.905+0.272 | 1.467 +0.518 | 45.372 +0.790
PS13K-Zn0O1.0 84.013+1.306 | 29.643 £0.993 | 43.665+0.397 | 1.703+0.304 | 45.368 + 0.461
Polystyrene composite thin films 30,000 g/mol (PS30K-ZnO)
PS30K 85.791 £ 0.167 28.450 £1.479 44,135 +0.578 1.257 £ 0.045 45.392 + 0.540
PS30K-Zn00.3 86.971+0.977 | 27.430+0.416 | 44.535+0.158 | 0.998 + 0.181 45.533 £ 0.136
PS30K-Zn00.5 86.483 + 0.459 27.616 £ 0.401 44,373 +0.248 1.160 £ 0.150 45,533 + 0.227
PS30K-Zn00.7 87.058 + 0.335 28.545 £ 0.579 44,104 + 0.227 1.020 £ 0.048 45,125 + 0.249
PS30K-Zn0O1.0 87.101 + 0.251 28.193+0.840 | 44.239+0.323 | 0.999+0.014 | 45.238+0.335
Polystyrene composite thin films 50,000 g/mol (PS50K-Zn0O)
PS50K 85.313 £ 1.429 27.951 £0.702 44.334 + 0.269 1.341 £ 0.291 45.675 + 0.362
PS50K-Zn00.3 86.081 + 0.306 28.796 £ 0.437 44.005 +0.171 1.214 £ 0.077 45.219 + 0.098
PS50K-Zn00.5 87.055+0.555 | 29.336 £0.202 | 43.792 +0.080 | 1.053+0.098 | 44.845 +0.147
PS50K-Zn00.7 86.770 £ 0.742 | 28.406 +0.379 | 44.159+0.148 | 1.070+0.139 | 45.229 + 0.155
PS50K-Zn01.0 86.556 + 0.171 28.743 +0.589 | 44.026 + 0.231 1.120 £ 0.034 | 45.146 +0.218

ﬁmmﬁuﬁmL@?ﬁlmmﬁthﬁ\l@’umqﬁwumgﬂﬁﬁmﬁmqmmmwﬁwmﬁuaqmmmmﬂm Owens-
Wendt fauaaslugunisi (1) LANIF L AT AU LR 18T ELLN PS Uaz PS-ZnO Luﬁiaxma‘iumq@ﬁnﬂmm
duduresayniaszauunluaesdsrean losia Indiaeeiu AR T TIANL PS uaz PS-ZnO uansinai
atinaliflfuuzdndy TaeTlauune PS13K, PS30K, uay PS50K AR uiuiaieanedi 45.083 fiadqasensn
WAT UATTHANLNG PS13K-ZnO, PS30K-ZnO, Uag PS50K-ZnO ﬁnﬂmfmLﬁu%’uﬁmwﬁqmu'ﬁuﬁqL@ﬁﬁ@g’ﬁ 45.263
aAqafan1319LuAs mamﬂ@”@qﬁu%@ﬁuﬁﬁiﬁuﬁ@uuﬁﬁﬁfiwmfrlﬁmwmmzﬁumiumm%qm’@@niﬁm’i&izﬁ'm@r}iamﬁ

NNNILAINARIHNANLNY PS Lmzm?ﬁuﬂ"\imﬂ%@mmwﬁm@Lﬁmﬁumnmslﬁmgmm‘:ﬁumium@ﬁaﬂ‘@ﬂﬂhm‘ (lu

254



9aNIINEAERTYINT T9 30 (AUU7 1) WNIIAN — WEIEY WA, 2568

BURAPHA SCIENCE JOURNAL Volume 30 (No.1) January — April 2025 UNAINNINE
BURAPHA SCIENCE JOURNAL
ISSN 2985-0983 (online)

v Y

adadaly) ldlAdunannainnasauiuiio wananipndsnuiuionauanlaargninldvinunadnsmznis

RDUNTBIBYNATIRNATUHANLN (Roy et al., 2015) Avaznaasialiniaudy

2. MIANMINGANTTNNINABNANINYBINALNLN PS UAs PS-ZnO

a o

ArnFauitusulsuilandena liiduunaufiangfnssunisdenanin lusudsaiasldaonfoud

FanszfuliaNLNg PS uaz PS-ZnO Wanginssunisidenaniniiodu lnaiansoungungiluniseuilduuneann

a

grunnRiasuaniuzadauia (Glass Transition Temperature) iasannaaulaiafasrasidnuisaziiatwilel#5u

al

o

ANFRUNGUUYHAININUNYRAINATT wazLiiasaINANLNY PS HeAgoangRiasuaniuzadnauioat 91 a9mn

©

=2 a

\IaLTEa (Arora et al., 2011) ASUUNNITHAIFUNILAUATNLN PS Uaz PS-ZnO freAa niaufigniugd 100 296

wadead wWuansuusn nafilauanslu Figure 1

Concentrations of ZnO nanoparticles (wt.%)
0.3 0.5 0.7

v

PS13K

PS30K
. . . O

Molecular weight of polystyrene (g/mol)
PS50K

Figure 1 Optical microscope images of polystyrene composite thin films annealing at temperature 100 °C

for 72 hours (magnificent 100X)
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AMNUANIINARBINLINNBUYNNIZHUAIEAINTBU FRat 1NANLINIINN AN AN HUE FUUANLANS UAZIND

IFunisnszsusaenNiaungu)d 100 avAEaITs at9salies Aanuauansnganssudanan ningGuann
- S v - . U

NIIAANANIUIABNLUUANURI TR AANLNG A ntiunquinanieeslazipdaundin iy e liacnniawdunad

72 9119 Wanu19 PS13K Lmquﬁﬂﬁumﬂ%@mmwiuﬁummmq (Intermediated Stage) (Xue & Han, 2012)

v
o

Aunmldduguiianistenafuazindaununguiu uaznuguauadn AR A TNALALIUA ATULIBNWEI TN AN

1149 PS13K-Zn0O, PS30K, Way PS30K-ZnO %mmﬂz\’i’mﬁquﬁmmmm'ﬁﬂmmwﬁuﬁurﬁ’fu (Early Stage) (Xue &

[
=

Han, 2012) luanueAIauL9 PS50K waz PS50K-Zn0 ninnasnududu liuansnganssunisd@enanin naiuiiazes
AANUN9EIAIHAN ML FUUAN AN DT ULAL
WanFausuFuinuaznisaanafaresuguuuilaung PS13K, PS13K-Zn0, PS30K, Uay PS30K-ZnO

WuHANLNENTRaUAueieA N FaungnnR 100 avAmaidas Thiduatnen TuameiNauung PS50K was

a0 A

PS50K-Zn0 lsiiiAnsaauauedsand nfauiguu)i 100 esagaidaa asarmduinsuiuadniaaumun

|
o

IndiAgaiuauLng PS Nluaaluanageazinnuatassionnuianlimandtfauung PS Aduaaluianas

=2 d” v Ad!’ Y @ 1 v ‘ﬂl a = o dl ¥ v b4
mnmmﬂmL‘ummuummmﬂummﬁmmm@ummmu 100 9ANLTALTEA @’]’QVLNLWENW@V]"W%N]?SQMEL%

o ' o '

AN ANITHNNTABNANINLUAANLNG PS50K 4az PSS0K-ZnO 18 insnzigninnidinanasaet aildnunsluivang
a dl d” a al s o = = é o Yo v % v a I o
WOANIINNITARINANIN WLRaTesHANLNEIAiANGaUaaneiu uldldfunisnssfuinaaufeurnseiui

VANINDN 72 FaTue Asuanalu Figure 1 luanuzsinasinalauung PS30K uaz PS30K-ZnO ynaauidundy ewsday

' '
a a

al 1 % = 1 A A e Yo td v % a ' o
HNIRDUAUDIFADAIINTAUNYDUUNN 100 29ANLTALTEIA LLALN W@uumim@umm@:@umﬂmmm@utﬂummmm'anu

o

WD 280 Falue Nuiin1sidanan inaasianueealdne 50% raaiunninue e lduddsilanuisafinaiy
a Al o = P A Ao R o aa o a =

woAnssneilanllaudinsdenanmineanysal Nuddpaaiingun)n i lunimesdungAnssunisdenanin

= = o o a6 o o d‘ 14

i 120 @4ANTALTEA AT 150 B9ANTALTEA AIUTLAANLNG PS30K Uaz PS50K MNA1AL waTiaanl bk unnsli

pnfauiuiaNsetgazArauAqNNgAnssuNITAaNan N eI H AN L sAudngdnsiRenan Ineany ol (Final

stage) tneRaulalunisliaonfeududn nanaAerlduue PS13K uaz PS13K-ZnO Tdgmungil 100 avraaiiea

a

1981 0 - 360 Falis, WeuLng PS30K uaz PSI0K-ZnO ldgnuugil 120 avAaaiiea uaan 0 - 360 2l uay
Wu119 PS50K waz PS50K-Zn0 Tdgmungl 150 aaAmaiiea unan 0 — 240 dalug wqﬁﬂﬁumﬂ?ﬂammwmm
WeuLne PS uaz PS-zn0 wsiazanaluiana iegnnazdusannnuiauiignmgiunnsieiu fauanslu Figure 2 waz
Figure 3

Lﬁ'faﬁmaﬁmwﬁnwm:maﬁmﬁwuﬁmwm’ﬂ?\lﬁmmq PS13K Waz PS13K-Zn0 Aignnazfusnaminuieud
grun)H 100 24/ EALTEA 27N Figure 1 WANLNG PS13K, PS13K-Zn00.5, 4az PS13K-ZnO1.0 WAAINGANIINNNT
denannludunaunan (Intermediated Stage) uqmﬁmmﬂmmﬁqLmzmﬁlauﬁmmﬁqﬁu 10T PS13K-Zn00.3

Ay PS13K-Zn00.7 LL@quﬁﬂﬁummﬁﬂmmwhﬁumuﬁu (Early Stage) LﬁwqmmmLﬁﬂhn&iﬂ:ﬂuﬁuuuﬁuaq
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2OINANLNG AINUANIINAABINUIINTFNDUNATTALL TWIRTIARaN lg6 e 0.3 wlafifusdlaauimin awunsn
dogffudania@enaninaesianune PS13K s uwidnazlafunianszdudaamnniaudunane 72 49lug wsilduung
fauananginssunisidenaninet ludunauusnwintgu uazniaiinadduduraseunipszduun Turesteraan s

Wi 0.5 waz 0.7 wlafiduslngunmin Aaunsadusanisdananinaaalanueiamuman iy widscansninlunig
fusaldmauwinfunaANdNdw 0.3 Wafidusdlaaunimin TuaneANANUIY PS13K-Zn01.0 haAIN1LAaNAN NN
% a o dgl a v o Aal & =S 1 EZ Yo a o a & L
dhiauuariansziuiiolndAasiuianune PS13K Asanananaladnuwidnnisifineyniaseauuiiuaasdsdaon las

az@unsndugansd@enaninaesianungls widdunnmesesuneszauunuiinifiull ayniassiuunTusenann
auiduaiendaastudnaldlanunananisidenaninialu (Tumsarp et al., 2020; Sujaroon et al., 2020) A1y

'
=

AniuTlaNLNg PS13K ﬁmuLﬂ’uﬁummmmmzﬁumiumm%mrﬂ@ﬂ”lsnmrﬁ 0.3 wlesiduslaerinmin upanaddud
anunsodudensdenannldaings

Figure 2 LAAIANHOUEN AT IUINANT29WANLIS PS30K UAT PS30K-ZnO Lﬁfﬂgﬂmzﬁurﬁ’qamw%@wﬁ
N 120 asAgaiiea unan 180 gl mnmwumm‘lﬁﬁudﬁl@’mmqﬁmamumumr;i'amm%@uﬁqmuqﬁ
120 asanaaiea 1847 e ldsunanszsudanniuiauauie 180 4alus fidunne PS30K uaz PS30K-ZnO 1jnpa
GG Lmquﬁmmmaﬁ@mmwslu%um@uﬁu Lﬁmuqmuuﬁuaqm@ﬁm’umq Tnelanung PS30K Hiffunniuaznig
VNLFIIRIMRNNINTIAR L9 PSI0K-ZN00.3, PS30K-ZN00.5, ax PS30K-Zn00.7 fiffunnuaznstenesiaue
uauiiasndn luansfiNduug PS30K-Zn01.0 FnnsaensiaresguindiAesiuisuue PS30K Anaanimmaaes

WUFIWANL PS30K-Zn00.5 WAz PS30K-Zn00.7 HfFNNuuarn1s1ensintasiguiasign Inaauinuesugui

}2
=< =3 '

AaTwAnNd g L Anzauetabiulign Inaduu1 PS30K-Zn00.7 HaNLNUaAINg ANssNnNIsi@onanInuw

& a v oA

Wuatesngn wazdensiileNandnfniugiuseslduinign A uiuiduung PS30K Avndnduzeseynia

szt luaesdereanlis 0.7 wlefidusilagmin iuaududunvunzasngadindunistugsnisdananin

Figure 2 Optical microscope images of PS30K-ZnO films annealing at temperature 120 °C for 180 hours —

(A) PS30K, (B) PS30K-Zn00.3, (C) PS30K-Zn00.5, (D) PS30K-Zn00.7, and (E) PS30K-Zn0O1.0
(magnificent 100X)
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AneUEndg11ANeENI8eHANLNG PSS0K waz PS50K-ZnO Slagnnazdudasnnnafeuigningd 150 asn
wadaa iunan 1 9alue uanslu Figure 3 Nuunefinnsnauauesieaufaufignmnil 150 asAzaiden 147 7
quﬁmmfa%’uma%\mmLLmmwqﬁniiun'ﬁﬁ@mmwlu%umuﬁu TmﬂwwquLﬁmﬁuuuﬁuaqmm%’umq Tnela
114 PS50K-Zn00.3 waz PS50K-Zn01.0 HanpuaaguinAiataiuaedWan1ng PS50K wiHauiumguanas Tz
19 PS50K-Zn00.5 uay PS50K-Zn00.7 ftfianmunisusnsia uazaunadutiuguinanssesmquanninieioy
TuAlsuL9an1azau IaeTldinng PS50K-Zn00.7 LL@mwqﬁmiumilﬁ'@mmwﬁﬁﬁm AdndapstinfnuugIuses
Faneuliiuet s anuaunguiiBunndesndieteiulddn agUlddnsdineuniassauun uaesddoanlosdly
e PS30K anunsndoadudeniadenaninaesiiduuneldmduiaatunsiaesidunng PS13K uaz PS30K uazil
AMdNduIasaNATEALWN Tuaesdssaen Lad 0.7 wefiduslaariwin dupadsduflvansdmsunstudenis

AANANINUBINANLNG PS50K

Figure 3 Optical microscope images of PS50K-Zn0O films annealing at temperature 150 °C for 1 hour —

(A) PS50K, (B) PS50K-Zn00.3, (C) PS50K-Zn00.5, (D) PS50K-Zn00.7, and (E) PS50K-Zn0O1.0
(magnificent 100X)

AMNHANNINARBINLIIN RN YN ATz ALWN TWIasT A aen laidsnalifduus PS psaomatiaslinay
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\Wares o iinAnmdndiureseynasziin Turesdedeenlasazias o wudfunansfinuguuazauAzegy
IS b3 . 2% o a o e a Ap =2 = o i’/
Huualiuanas wiilaaududuresayniaseduu uaesddeenlaMnnauauiaganiiaanaInnsn lun1sdus
dl a s A 4 v o a a dl @ dgj ]
NIFBNANTNIBIHANLNATAARS 1iTRR1ANTAUINANLNUAAND ANTINNFABNANINITININTY AIINUANF N
waaluianadanasanismusia AN faunguu)Ruanseil uazaInANa NI lunsnaeunTasans inaa e s

TlwhiugamnidneargUssaamguuansneiugos

% & ¥ a6 = v % % ¥ a a 1
ﬂ'ﬁW’Q’Wﬂﬂ@ﬂ\i’ﬁ@V]?iﬂuLLUUé‘Lﬂ] LL@Q”II@\?W@NU’]\?V]Qﬂﬂ?Zﬁ]uﬂQEIﬂQ’]Nﬁ‘@uIﬂﬂlﬁl’QMMQNLL@:?LQ@"W]ﬂ@"IQ]lﬂ

v [
k7 v o o

desuisnnagninn A NI aRFUTNUATIAAN 1T @ANANINATNANNIT (2) AMNRANITATUIINLITNUNTLNA

NIFBNANTNIBITANLNN PS13K waz PS13K-Zn0 ilagnnazsusignnuiauigumngil 100 asAaaides iunan

0 - 360 d2lue wanalu Figure 4(A) annanazifiudnWanL1e PS13K uaz PS13K-Zn01.0 HN1sAaLduessianiny
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k3 vl a6 a r_'ll 1 < r_‘: o £ v v nI/ o k3 o
Fauldn WanunaiansidenanInatvsndaiiainnisnszfudaanfewiuna 72 9lus dunmldainasndi
28990 Ngand W aNU19B 7 TuanzAAFuU19 PS13K-Zn00.3, PS13K-Zn00.5, WAz PS13K-Zn00.7 1iAnns
dwenan nuuuseiiiesludnsndindi Tnaianized1edaluianune PS13K-zn00.3 HAdafifiusnunniianis
4 a4 . : Ca Lo o
@enanwieuAsindaaInatiiulyl 72 datue aannanaswudaluges 72 - 288 49lue dnsnisidenaninaes
Wenun9 PS13K-Zn00.3 HAuAsi Aanueipnamusandnfou dune ldanidunsmfansosidudunss uas
WavinnansvaunaaAniauatieseiiasiunan 360 4alus Aanung PS13K waz PS13K-Zn0 A ududuaes
ayN1AszAUL luasdsdaantas 0.3, 0.5, 0.7, uaz 1.0 wafiduslagumin wansnunnisdenan nagi 88.679,
47.320, 62.920, 56.000, UAE 82.287 % ANNANAL
nauansA e fifusnunniianisdenan naealduung PS30K waz PS30K-ZnO tagnnazfusdat
AHFRUTGIUUYH 120 aeAaada 1wnan 0 - 360 a1 uanelu Figure 4(B) AMNKANNINARBINLNENTZEN
pogAuFauduaa e 1 99Tue Wanune PS30K Buuansnganssunisidenaninduansuwsn luanehiauung
PS30K-Zn00.3 BHuanInnfnssnniaidenanimiagnnazsusaamnufaudunai 12 49Tue uaziialauungn
nezFuRItANNauRnfefiulunan 24 4alue Aanung PS30K-Zn00.5, PS30K-Zn00.7, WAz PS30K-Zn01.0 LA
woFAnssunadenan wiluadugaring luges 0 - 180 Falue Wdnusazifianiaasuulasdaudnedn aannsnay
winldggiunnisdenannaesianuisaziinaulainnn dsunnuaznisrenaiizesviquazaes < Wasuulas uaz
'ﬂl a) o Yo ¥ v v a ' o 1 c.:/ a) o :I/ a t:ll
Wenanuldfunimnezdudasnnufeuiinsaiuiuinaininndt 180 4alus Wanusiamunazifiansilaauulas
ati19990159 uaiagnnazsussanfaullauianan 360 4alus WanL1e PS30K waz PS30K-ZnO NAvuidndy
29994N1ATz AU Tuasdedaanlas 0.3, 0.5, 0.7, way 1.0 wWefifudlagurudn wansiunnisi@ananinegy
81.460, 47.953, 55.789, 36.628, WAT 66.252 % AMNAIAL LATAINNINTHATHLINNANLI PSI0K-ZN00.7 UARINUT
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naAeNANINENgAN BN LALNANLNN19YEU

nalaasAdefidusinunniianisdanan wlunstinesilanung PS50K uaz PS50K-ZnO Aignnszsusag

Y A a a o . | Al e P

paNFauNgUuni 150 a3Anaaidea waan 0 - 240 Falud uanaly Figure 4(C) aannanwudnHaNL1ainIg
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