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Abstract

This thesis aimed to investigate the difference between the formation of a
layer of lead (1) sulfide (PbS) thin films on glass slides and TiO, nanoparticle using the
successive ion layer adsorption and reaction (SILAR) method. This is to reduce the
complexity and the cost of building. It also uses experimental design to reduce the
resources used in experiment, and still has the continuity and coverage. This research
studied the physical characteristics, optical properties, and the structural of the films.
The statistical analysis was used to design the experiment. The synthesis conditions
are the change in the number of dipping cycles and the concentration of the initial
solution. The number of dipping cycles and the concentration of the initial solution
affected the films on a glass slide and on the nanoparticle of titanium dioxide. The
color of the film affected the absorption of the film. It can be calculated for the
energy band gap of the film. The values are 2.1 eV to 3.0 eV for on a glass slide and
2.0 eV to 3.4 eV for on the nanoparticle of titanium dioxide. The result can be
analyzed by the Minitab 16 software. The most influential variables in the films are
the number of dipping cycles. The X-rays diffraction pattern showed peaks that are
the face centered cubic structure of lead (Il) sulfide and tetragonal structure of
titanium dioxide. It can also be used to calculate the grain size of lead (Il) sulfide
crystals, which are 3.1 nm to 7.6 nm of the films and 5.9 nm to 7.9 nm of the

particle structure.
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1, 3 uag 550U

1.3.40 A529ATILN AIBLATBIINATIENNSRYIUUYITIEBND LASDIDan51 M laLan-
FEdaanlasalnl wisdlvildesaainaiunlnsalnd

1.3.5 WisuiiguanuunnaAsvespuantiniasaslasaswesilduuisan ()

Falig senitqunnsgandlaniuudeunmauluveslnmilisulnoanlys

!
1.4 YunauUN15ILUaLITANTUY

141 asduiiduuiaan ) alwd femadaisnisdedulosoulaemagnduuay
MugAseadindauuunszandlantagld Central Composite Designs Tun1seanuuunis
VLGN

1.4.2 wissdulnndenleoenledlassasaulundovuunsyandlas
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quantum-dot-sensitized Solar Cells via Optimizing Precursor Solution and Electrolytes
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Photoacoustic and Photoelectrochemical Characterization of Nanostructures TiO,
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ﬁu'i{fﬂﬂq'wum Ersin Yucel Al@Anw1 Process optimization of deposition conditions of
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1. WwaduaefingMviaindaneu vliandnifies (Single Crystalline
Silicon Solar Cell) %39 SdnfAuly o Monocrystalline Silicon Solar
Cell uay vinanansu (Polycrystalline Silicon Solar Cell) dnwaugiluncy
FarouLTwaruuIn Wwadlaso1indulianandaneu Crystalline Silicon
(c-Si) wAnNLIIHANGAnDY TLARIINNITNABNAzAIsTAABUUTANT 1
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g‘dﬁ 2.1 Single Crystalline Silicon Solar Cell
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2. wadlaseingNvinanazuesiadanou (Amorphous Silicon
Solar Cell) aduave19indviinazuasiadanail Amorphous Silicon (a-
Si) Wumsnanisaduaierindnsiianils Inegldarstaneu asluseu uas
asveavietariaglusufeiinun vhuiadouduildiuns (Thin film) asuy
Lsiud usiuwanain visusulang fussansamlunisasusundsnus
ndwlandngdneu witagtulddnstinaluladadelviildlunisuda vin
Ifansnandununsuanas uasiiulszavinanasiu SdiUssavnngs

Usennsevay 6-8

g‘dﬁ 2.2 Amorphous Silicon Solar Cell



3. Iaduat0fingAvinanasaeiitdug waduasefindvia
arsusznavvesrelilasdunsulawialus (Copper Indium (Gallium) Di-
Selenide) LY utgaauasofindldarsnauaos Copper Indium Gallium
waz Selenium In el e ld Cadmium Sulfide wa 1219 Cadmium
sulfide tiudWiesluwaduasonfing dvavdandniien (Single

Crystalline) haguansau (Polycrystalline) tsaala@io1indvdnddl

Usgansnngdlnaldesiusiiandn@dneu sgnusvinnsevay 9-13

g‘dﬁ 2.3 Copper Indium (Gallium) Di-Selenide
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2.3 lnundleslaeanlan (Titanium Dioxide; TiO,)
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Inmdleulneenlaen wiedntenisdelnnies Wuaisusznevsenlenvedlans
Tnndflen@seglunguuadlaneniuidulauiilnmdeulaeenlendneglunquaisiivin
DU (n-type semiconductor) lnwnidleulasenles finnuaiesreansiniiianuduivios

sialdunsnn tnegniwildegianitsansluiiunisivisundsnusatofingidundsanu
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Jostunsagvouveuasluwadiuatanindyindanaunazgunsailauuiamiauasdus an

MA18YIN TUAUNSINUABIINREN 3.4 eV

ANWULNNNILAINLAZLTING

- @nuzvendedan

- AULas

: wmaummafﬁ'a 20 W lULUAS

- AMNNUILUY 130 NSN/ENT

- A umudl 25°c 1012 Qcm

- AAAAIUNIUT 700°C 2.5%104 Qcm
dnwazan

- wliang 79.9 n3ulua

- ANVUIUY 3.84-4.26 NIU/AAUIANIURAUAT

- ALABA 2,500°¢

- YAVADUWAT 1,850°C

- lsiazaneiin

Tnndledlagenlefinunusssuvanduilasiadiwan ¢ vdandnie - euamd
(Anatase) #9iilassadrsndnuuvmnsslauea (Tetragonal) - ugalasi (Brookite) @il
Tnssassudnuuvesslssenda (Orthorhombic) - 5ld (Rutile) Fsillassaiamanuuuimmsy
Tnuea (Tetragonal) - nniled FaillassadrawdnwuuluTundiia (Monoclinic) taseasng
wdneuna, 5lnd, uazusalav annsouansldlugud 2.6 1Wudszlingudmasuassdu
Usznufiuvienanazinsea (Octahedral) Tnalassadrawanii 3 wiindiinnuuansetuios
1N9NMTDRfYeIUiareanarBaseaifesefuuazaIngluuunsITesiaveseanny?
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sUN 2.5 lassafeanvesinnnideulasanlaa: n) 5lng, ¥) auung, uas a) uzalan
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! ¢ & % A < | | a v v =

wiewunanaznalulassadmannnuiludiulng lnsunfudlassadrminauina
anunsnldpulassaadulasiadwdnglndlanenmgluinndl 600 esraaided Wuauds
Jagduldlinsdngnfgadunmsivaeulaseadtndnansuamadusindilusgraunn
= v = = 6 Y o w Y = o
Henlassafandnvestnnulleulasenlenlusmudsnddmguindiudsvilanazivun
Uszavdamlunisussendldiludasslfisonuulduassan, dussujizenwuuung (il

a % v

Laa32%), 3ol dedfildviidounuung (Membrane) Tnsusnaingamgiiugs Seildnnany
Hadeiidwanseyusensidsulassanamdnsandialdun ausu, Uiinawemwdn, anulsl
auyIalveInan, wazvwInvawan lunsussgndldlnnndeulasanledlunssuiunisiss
UFATewvuldiasn TassadmdnteunaiazgindidudiiondunAnyifulagitly
dmsuuAasemuulduasnlasunidu Tassadmdneuandalduszansanlunisde
UfAseraaninlaseadundnglng unegralsfauluuisdjisen lassadrmdnglndnse
1AT9a S INANNANTEN IR U NN ARAL FING (WY BUNNE 70-75% Uav3ing 30-25%) gn
seeruhlivssansanlunsssfisoganinlasadawdnouna Tnsvsiveduiisuys
viangegidimansynusdeysansanlunisisalfitenvesudaslassadamdnveslymuie
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2.4 van () Falwla (Lead () sulfide; PbS)

U 2.6 anwalznINMenmwvasaadalila

an (1) Falna (Lead () sulfide; PbS) iuansusznavatiunsdan () Faluaduus

o o A

wanwaziluansusznaundniddganvenym sadudanansisinhngmianldanuaney
nauWenaINa1Inen29glI hydrogen sulfide w3e sulfide salts wdndslansusznauan (I

Falndesnunluslvesnzneudimnliazaeun

' v
a aaa S

A1IAINaNna (The equilibrium constant) dwmTuufAseniiae 3 x 10° wns Falu
Ui taziuntsdvuulasitnufeandasulanifidansedunvasuluiludduas
PnUiseriintutinegninluldlunisiiesenidnunineduniddasly lead acetate

a

paper" lun1snagauninisiiegaaslalasiaudalnaniedalualosouguifeiiuiany

9

\eadasagne PhSe way PbTe Inaivisansianiiiuian () daladuasidmiloudu

UM 2.7 wananmlaseairendnvesansnadatl Pbs
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Tuprudusseiu Pbs foduniautaniiiunnganaziunldduaisisiniues

S Y v I o Ay U o =Y vy ' axa
NNANEINITAUTT PbS uusuaniildainaeiiduislasuanuaulasgrannltunismiisg
sgaqaiueanililauiniign TuneundiAgyiliieitesiunisageaiudaiasddatausunu

| 1% 1
a =

sonlenmintulaefazdesmuanlusanleniuanas lngaun15m19eauARves@eItUAoUl

=

A

2PbS + 30, — 2PbO + 250,

PbO + C — Pb + CO

Ineiifedaasineonlerasgnuiasdunsa sz

2.5 NM3FUATIZANAUUIS

msdupseiiiauuisgnuutesndu 2 Ussnnlvgq Huite wadansadailduuns
WU Az mﬁﬁﬂmia%’ﬂﬁ\lﬁmmaLLUULﬂﬁeTfaLLam‘LﬁLﬁuiugﬂﬁ 2.9 wAlavaesiiLen
dodluBnmadinay 2 Ussaviuie vacuum evaporation and sputtering for physical

technic and gas phase and liquid phase for chemical technic

Thin Film Deposition Techniques

Sputtering Gas Phase

IPhysicaL methods (Top-down approach)

Chemical methods (Bottom-up approach)

Vacuum evaporation

Liquid Phase

Resistive Flash Glow Triode Chemical Laser chemical  Electrodeposition Chemical
heating evaporation ischarge J sputtering Vapor  —t vapor . bath
oc deposition deposition deposition
Electron beam Laser sputtering .
o T . Photochemica Plasma- successive Electroless
evaporation evaporation Radio ionic layer B "
Getter lvapor  ==f enhanced deposition
4 = frequency ) adsorption s
Arc Radio sputtering  fa deposition k. chemical
— (RF) and reaction
i L frequency ] vapor
evaporation sputtering " (SILAR)
(RF) heating deposition
Magnetron Face target M
s o E etal ANOdiZation me—) Spray
sputtering sputtering organochemical pyrolysis
vapor -
Iron beam 1 AC deposition Liquid phase Sol gel
sputtering sputtering epitaxy - process

5UN 2.8 uanaunaiiadsn1seange Tunisdanasizinauung
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2.5.1 wadiadinsidustulossulasnsgaduuazinufisenad (SILAR Method)

wmadaisnisfosdulessulaenisgaduuagiiujisonad uie SILAR
Method Hugniialdadausniiled n.a.2528 luresufoRnisdeuwanden nsde
SILAR tiugnizenaausnlunsansivenmans (scientific journals) Tuifieafu Tned
mMsiSendenmanitunsinyimdnermansvesduide 35n1sUgnilduuisann
wmAda3En1suuy SILAR dlunszuiuntsmieiifidnvuzadiefunszuiunis
chemical bath #3efiieninnszuruetvansiadl dufefinmssuasazaneiifiuszquan

@ =
UNISUNTTIUUNND

9

=

wazleoauriliAntuesansnaiit deluseninenisguansiad

A9tuasarunueankazlun1Ta$ 19 A D UUUNURIVDIWAY

Q a Quantum dot
AP =—=1" layer

Catlonic Methanol Anlonic Methanol
precursor precursor

Substrate

aaa =

5UN 2.9 Tunaunsldmatindsnissestulessulaenisgadunazyinujiseadl

nislutanveinisldinalindsnisuuy SILAR lunisasratulessuuiniau
furvedutuAeau ol Tanuansnaiuuldlunisquasiaiivasasiatures
leoouniuaiuseinstunisidnuiwanaiedula nedaninsaiuisauiunldly
a dyv =< o Ao dy a o ! a i ! a s
wetelifaruluicianiianwiiuiilvegaumgienadu ndieawmes (polyester)
wszdnmatiatanusavinlugamgiviedlaias duvunefeazlifiamnudenigain

Y

N a a L a o = U aad ! [ &
ﬂ’]iL‘UaEJ‘IJLL‘UaQQﬂJ‘VIQQJ‘Nﬂ@m%ﬁmﬁﬁlﬂﬂx‘i@mﬂﬂ ANHDUNUITDU) LGUU'JﬂG]VIL‘Uu

Y 9 Y

arsnemihaiunsalasuanudsmearnmeaiiaisn1sous wiliiiaanudsnglag

ot lgiumedaisnswuu SILAR
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[

Ineitauniswedludnnesn 1 uazdninesn 3 neugugiusessuidudsil
Uninasi 1

CH30Hy+H20(y)

Pb(NO3), Pp2*

(aq)

= ¢ al
UALNBIN 3

CH30H1)+H20(q) 2
i
NazSs) (aq)

1 ¢

5U# 2.10 Aegen1sgadunazinufneenvesisn1sdans

A o ] ) = ¢l Y
ﬁllﬂ']3LﬂNWaQQWﬂQN§WU3QQiUIUUﬂLﬂ@iVl 3 a7

Pb?* (ag) + 57 (ag) = PbS(s)
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2.6 N1922NLUUNTIINAABY (Design of experiment)
AM5UNITROALUUNITNAADY (design of experiment) ®38LNALITUNDE19ED) 11
DOE 1 un1598nLUULNaNLI19$AINITORNEINTLUIUNITATANUTUNUSIT A ULFULA
(quadratic relationship) HufAsiladnUsAlAAIMTURNUNIDanaIAIAILUINIUNRT O
Response 1afinsiasunlasiuanwuenldidudunss 1519810150 nUnsEUIUNIIANS T
a o 1 d” 4 [ 1 =] I~ ¥ )
fanwasuillaeguosy wu nssuiumamand nsvuiunsuusgulans Wudu a1nnisviy
-QII o [~3 ¥ d‘ I £y} d" [ Ly 6 a g.JI I3 q'
ANMAABININUUABWUAIUAIRILUTINORIANUFUNUS UTU1UUBY sample UUNIZEIUIN
wuslumuduiuesduuiLUsIisAnenis vadlagyitlidiuau sample dunnawvinlmdu
nsauasmsneinslunisiemainawiuly aasld Central Composite Design 1unas
i1 DOE @usunsAnwminlsfionafianuduiusidaudulag ualdinuiuaes samplefifos
yuuliunndn Faru1ea10383n 15N NEINTIUNISNAADIUBE WA bUYUSLAEINULSIE
anansaliteyaannnisvnaesiidfglansu DOE Usenaulume 3 @ fe
1) Factorial Points @slunfiidunisin 2-Level Full Factorial utdudiunile
INTNARDILULDY
2) Axial Points tun1susuadnusiadndsnilaluvaizi Fix Tiaduds
A A a |
AUBYNIAINGN (1138A1 0)
3) Center Points 1Jun1susuAvassnUsyniaudsiainais (Msee 0)
dmiudiedalugun 2:12 1dendn Alpha = 1 38 5¥8¥31n Axial Point lUg4

Center Point +81u 1 &assnanadnazimuzaulunisufoR (usadaden design 7 alpha =

(%
1

1 WUV face centered design)

+
*
*
[

Factorial Points Center Points & Central Composite
Axial Points (Box-Wilson)
Design

3UM 2.11 Central Composite Design §93U 2 AauUs
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Central Composite Design %38 Box-Wilson design ﬁu Junisnaaesdl 3 seeu
Ineazllvuunumedyansel -1, 0, +1 TuResuUsgsnsAnsarUSuasulusuUsas 3
A1 WARNUTazUSURIMUTWUU Full Combination w3 Full Factorial ndutdenifieauns
anmzniamasesiisudumidu Welwldteyafivmeronisaisuuudasmsadflagld
nsnenshdinnawiuly

Tneil Central Composite Desien utssaniiu 3 Ussuameeiu dail

1. Circumscribed 38 CCC

A199BNLUULUY CCC ﬁuLﬂ‘l«Iﬂ'ﬁ@@ﬂLLUULLUUWU;@W‘N%@Q&T’J Central composite

[
=

design 9An1TITuIEEEINeIENIng alpha (@) fwaquinansdevuedfunmuaudaisonislu

Yy

n1seanwuukazIudadeluniseaniuy IaanItuIzased1ggaigatraldmsulugn

3 q
Uady 9n3uit 2:13 n) auiiulddluguuuuresnisuuuiiiusied 5 seaudmiuusaslade

2. Face Centered 58 CCF

lunseaniuuiignemaragnsenasueusasviesiiuitede dafu alpha (@) 1z
Sy «1 avavannvansddedd 3 swivresusazdeds uandugud 2.13 2)

3. Inscribed %138 CCl

WHunseanuuudwivanunsnifis fanieveuaszylinisesniuy acl lnsda
Adladeiignanafugudnaniuazosnuuuiiuiitofevioimsduanslurouuamuiuiuny

% 1 1 S = d'd U %3
VBIYAN1ININANT (na1ANTTeRAkUY CCl ABNISanTUIn CCC ATSeanLUUNdsyaulavy

LY

WHALUDYDINITOBNLUYU CCC UI5AY A WIBAS19NN598NWUY CCl) N158anLUUTdReadl 5

SYAUAMSULRaTUATY

Ho ARk S e S
]\ E*’ A
N S e e R L
1 —Q o—0 sS¥ O O*O
*
n) ) A)

sUft 2.12 1) Circumscribed %38 CCC 1) Face Centered %38 CCF wag @) Inscribed

Y

vsa CCl



17

2.7 wAlAn1s ATz
2.7.1 NM5AATITHNTIALAUNYRSIFIBNG (X-Ray Diffractometer)

NNSIATITINISLREIUUTBISIFBNGUTD X-Ray Diffractometer; XRD 1Ju

' '
N I,

wsasllantglunisnsiageuenanwalkuulivinatesag1slaelgnannisiaeuuees

[

FadndnTuau i liian1sienuY wavagvisusenuNyud1eqfulaedniin

v v Y '3

Feyey 1o (Detector) WWudrsudeya aerusenauuaslasiasnesaisziiosaitunig
& v o ¢ = v £ o s ] 1Y) =
denuusediend luyunwanssiueenluduivesduseney U uazanuauenan
Fananlndsaunsauadviinvesasuseneuifiegluansiegauazaiunsaiunld
Anwsvaziduanenulassai e swanvesasieg1aiug Lo

2.7.1.1 msfutiauavanaudivesssdiand

Weddianaseuniindviugudilvyuesnoufiogiisenaazyinlvia

Y

Usangnisadmaluil
A a d' P v [ =2
- iedianaseulusyneniiszAutunasIudng (core electron)

Wil U K 389U L gnnseinnlyivianatnagneuasyinliinseau

a

WAV FenusTsuTIANUBIENaToUlUTUNE I UNgINI

a0 = a

ALANTEAUNANIIUAIUITITLAUNAIINIUN I FIALLANAT

a1

JanUaognasanulngaullg1ussdonsaaasdaan

[y

GRLE]

)
c

prmoaNilue 13un31 Characteristics X-ray F353@L0ndNda
i lglunimaaeinIsagnunAe Ka kae KB 9953d0ndmani
WNATRAINNNTEIIWTEAUNS19UINTY L TUTITU K hazanndu M
TUeeu K guaieu
a & aa ) v P v 1 @ v [
- Adnaseuniugnialriieioulnit1ateg195Ins AN ITNEN
yosauwliiivesdidnnsountslusznou lnonguiadu
walwdnlnlinaialiin wWediannseuiinlnunulrazlantans
Aaulnfwvundsuseilos alansusadondnlanazsly
WuUMBLBd3uNI1 Bremsstrahlung X-rays
2.7.1.2 ianNsa8uuY9SId@Leng
srziszninesneulundn Inelarauyferneutuddnvaziiunss
d'e./ a = 1 ] d' o a LYY 1 <
naulpeNseaivesnemnouazilvuInseniIng 1-2 A wWistesnauunsusdidusgrudu
seilouasiinlAsasandniy Jeszuerinesendtsesneutuaziinnegluye 2-4 A
TAgNSL8LR19TUILIUBLNUNITH89A29090E Ul UNENAY TASIAS19UBINANT

Y

WAYUIINNITILIAVD90LR U lUTTUUNULNANULUUA I
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A5199 2.1 ANSIHEAIANHAZLANILVBITZUUNANTY 7 STUU

FYUUNAN WNU UUTENINUNY
Cubic a=b=c | yunnuuiivun 90°
Tetragonal a=b#c gmnmmﬁmmm 90°a
Orthorhombic azb#c gmnmmﬁmmm 90°
Hexagonal a=bzc | il 90° avsyy wagdnamilafiuua 120°

b\
| o 1 1 1 U )
UVNHULNINU uadaualdvindu 90

Rhombohedral or Trigonal a=b=c |y
Monoclinic azbzc | flyu 90° @odyy wagBnuuliviniu 90°
Riclinic azbzc [ ynyudivwienaiusaslivindu 90°

2.7.1.3 NNFIATIEVNISIE- UL

1. auufgIuvanand

A v oo ¢ a a v a

95989 NTAINUEIARUR IR NNTENUDLADY aulu WA ve95eE

¢ ° va @ o v A 1w al o a &
BNTALYN N DENATBUIUDENDUFTUA B AIUDVINUAINNAVDISIF LD N
a @ d' a q:/ = a 1 QIJ 1 ::4' 1 < 4:4'
danasauninn1sdudslinnusalunisdutazlantaaspaunivan i
a d' 1 Ly v a o‘d' a a 1 a v a
Jnnudvinusdendfiannsenulunniienie Sendn nsnseiswessad
1@nd (Scattered X-ray) @9lun15itasgnnisiaeiuneessediondd iadla
AIELUAFIUEaTUIEUTINGNSaIEN

A oo '3 o a g |

- Wesdengmnnnsenuosmnanlunan dannseulunnazarnauay

Uanuaeefediendnszidseanunlunniienig

- SefendnszRdiulnaasiivainnsuiasinarenuld

- Tuunefiem e UL o1 annSad o NgN SR UULNALR BT Y

v a e‘d' v v a dy 1 o [~ ¥ 1

-pursadiendninnnsenuiusedideauulidindudesegduussuiu

LReINU

2. NVOLLUINA (Bragg’s Law)

W.L. Bragg ta3tAs1gvn19taeuussdondluldasennden wasg
d1unsaiaseiteulvd Ay ueenTEuIuNITaEIUUSsd nganRaN LA
38N NUeILUINA wazliAnyilaseas1andnai8LA383 Xray
diffractometer @131503LASIENHANNINUANUINENNNTONNLASIAS 1NANVD
NANLE TUNNSIATILANITRENVUSTIADND LUTAANINTUINITHAEIUUYDY
S9ALNTINNTTUIVYDIDLADUNVUIUN UL BUNUNITALTDULET Aail

o v a o v d” v a ¥ ¥ a ]

- d13ed@nnnsenu a1FedideuY Sedazvion) uasiduuniazed

TUNULAEINU FIDLANAINATTRINITUIVBILAND
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'
[

- YA SR (uazvou) YUTEUIgYeIREnal A8Yiyuan
nsznuiusTUIUTesernay den1elakeulvunsediatuarisdiend
deuulufianaiguivssuumduyuannseny Weiiasan
AMNARYINTBINANTIgnuesliiunsISeeiIvetesnoNUUYA
suU (hkl) Fefiszersenineszurudy dy B9szunu (hk) Tuay
UsenaulumgseunudIuIuLIN FanusEuIUmaIingg A, B, C, ...
Faurazsruutuarsuuiusazissoeinadussey dy Wiy wae
AvuAlASIEenguuIuiinNe1IAAUWINGY A Lagyuannsenuiu
52U (hk) Wwinfue
- Ad wa ¢ P
Wewnlusssuyfny Sedendasannsansgneaisiuiosnauuu
syurunanasluifuvaiesesduaniIntnuesHan axnounaitag ity
Jugudnarslunisnszilwessidendeonlunniiannnie uasdmiunis
& o o ¢ al & v oA e & o a
Bealuuvesssdengiinnnsynuty agnulainsedie ngnideaiuuainuulsd

ANNSENUALLTUSIENUTZNUAIES I NFNNTLIRIAINDLADUIIUIULINLAD

15 IUAULUULESY

A A f/' C

A’ ct

el
“d

ds""(} £ C_XRD4

JUN 2.13 Mstdgauuvasisdiondlagngn



20

~ & e X o e a
31NJUN 2.14 iiudansideauuvessidiendlaenan e
ANNENIAUTIANDUALTTEETENINTEUIVNAUNYVBIKUINA LU
ANNTENUVRITIALDNGIZWINAU 0 N15ileuuagiinfyuiaeuy
WU 20 39@U150IATIEIEA I
] o = . o &l
AMULANANUDILAUNE 138 Path difference U09598L0nGN
N52L3991NBERBUVUTLUIULAEINUILINNU 0 AIUUSIFLDNDN
NSYLINANNDLHDUUUTEUIULALINUILINENTINY LATEINITOTINAY

v s

wuuiasunatetdudiunilseesdnsdiondiaetiun Tusuenainy

WANANIYBUEUNIITDISIELDNGNNTELIIINBENDNUUTLUIUNDE

Y

£
v A

ARAY UYUPLVINAUENNITAIT

Path dif ference = 2dy; sin 6

naunsaziulainanidnsyiiainisassszuiviazimla
ASINUIULNANITTINGLUULESUAY DLV AU BANANVDILAUN
(Path difference) Huurotdud1uruLfN1v99A2I08IIAAY

(Lambdas; L) flgaunns
Zdhkl sin@ = nA (21)
dlon=1273, .

FATENANNIIUIT NHVOIMUNA (Bragg’s Law) Na1As Lo
v s = ¥
Fedendauiuainueiadun A annsenussunu (hk) daeyunn
A = ! L3 y v 6
nsenv 0 wiaSeninyuuusnd (Bragg’s angle) aznusidiand
& - o Y o a v o
denuuiiyy 20 @unsataenudusdiendlufieniedliganndie

Weudufianiedu) Adeideyuannszvnu 0 arueniadu A was

58¥U195¥NI958UU di DUl uEeululuaunsuusnilaed n
< o W agf v a1 =
=1, 2, 3, ... \Judduvesnisideauu 861 dy way A 3aAAef nng

Beauuaziintudleguannsznuwingu 0y, 0,, 0, .. duaenades

AU N =1, 2, 3, ... AUa6U
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2.7.1.4 Mmyinvuneuna (Grain size)
lunsiadiamauinvetayniraiusaiilalagldauniswesises

(Scherrer equation) A4l

kA

Dp - Bl/z cos 6

(2.2)

dlatmuali D, Aevuinvessynia A feauenindures

wasiiinsediend Jalaevialuasdaniindu 0.1542 urluwwns O
P 3 I | A s s y a [

ABYULUINA K ABANAIMILYB3LIBS (Scherrer’s constant) AALVINY
0.94 uay B, Aemunteiinugaduasmiliwesniugedigenian

989059 %158 Full width at half maximum (FWHM)

Imax/2

S CorwHR R

-1 -5 @ =] 18

JUT 2.14 anundefinnugaluaswmisvasanugeiigaiigauansid wis Full width

at half maximum (FWHM)
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2.7.2 msansigilagldmatindansrliloan-3qdaaninsalnl (UV-VIS
Spectrophotometer)
NIRANFULAS
AN1Tganaukasiulinud Ay luUSuInsgiiiesanal
anndutuaziludndiulaenssiuanududureuas daluansganaulias
& v a 14 A = ! ! [
JumsinuTunavesadunisden lnefinnugninduvesuadluusiazgun
ad o L w ! o & O A | -
ziivaisenuanasiululagudmany WuaesUsenn dufowasgiuiin
3 ! = [
WA wag uaseuiiauedliiiiy
waguTinue9
| N ] a o . & A a ]
LEREIUNAUBANUNID Visible light ABLLEIVIINLAAIINAT
FIUFAINUVDIUAIAN197 Lo TIlouwasv1InNnsenUInguaIkatiuae
azfousanuudinsiaitbisniiudvesingiue) lnewdans ualy

a A 1

78 A9 1439 AN YR WY AR WAR WA TIAIUNLIYVDINIT

[% '
U v A =

wudnne vesinguufe nisiitngaanfunasddulivasasviounn

o
LY 14 ¥ (=3

Wesdquilavindu Srazveuruanuanaginlmiududu niedn
A Ay v < W B G Jophtild
annauanaualineiuing U dudsn

<@

wAIEUNANL Bl

TudrulinsanuenaulInniLazesnin Visible light

U‘NISJ A v a

- Burlusa w3a Sedlduns e fsdanufeuifuady
whndnlid paauifveseaudiuiuegfuaiiud Banuiaann
Jundaufiaygaiuse

- danslalanin v3e wawniledas 3aisenda $adyd (L)
Hutrwilsesrduuindnlniifianueneidudunduasion
e aiule wid1819n91598 Xeray p81980U Hr3ALB1IAAURYT
400-10 wluins Sndwnu 3- 124 eV Sdifanusunedesname
YDA

ngueaLasiithunliindnsgandulasdeiianzuasiinnnsgny (incdent

light) lneuasganduuazuasndesiuiulidmiaassuniudue

nguewauidsn (Lambart’s law)
Waduasniaa1ue19AdULRe (monochromatic light) W
sananallawddndiuvesnnutuvesasiigndinatsiuganaull

Az TUAUANUTNVDILAITIANNTENUFINAISUUS LazAULTNLER
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wgnusaztuvesiinanganfuliludadiunmiiu (usinaisia

= U
LWIYINU)

Axl

>
I

AIN1IAANGTUULEITDIET (Absorbance)

ANNUY/AUNTINVDIRINANNTD pathlength

ngueales (Beer’s law)
IDLAINI AL ENIAAULABIN U INA1 U BLASIFNEIUYD
ANuuYBIkasigndInanganiulinsulsiulaensaiulsunaees

MINANgANAULANIY
AXc

= = AUTUTUYDIAIBEN

£

giulaisninnisgandunasesasazaeUTuMAULNTIgNAAN AUITTURE T U

AINNUITDIETTATATBMATATNTUYE 3678819078 FednTudessiunguendesuazuay

a s Y v U a ! I s a s )
Usanmenienin nguedles-uadiisn (Beer-Lambert’s law)

asazanail

AU C

< >

Path length (1)

JUN 2.15 nuaades-uauidsn (Beer-Lambert’s law)
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A = ecl (2.3)

lo = USUIUUDIUERNBUNIUAINANY

| = USUUUDILAINAINIUAINATS

c = ANUUTUYRIETATAY

l = Path length

€ = autRdunzvesasfiganduuauayinfinueadudinils (molar
absorptivity)

A = AINIYANTULEIYDIAT (Absorbance)

Toed T 1WudadiuuSutaiasnoonindaUsunaumaiaily

A IRANAULADIAr o wmaNnslady
A=log=—logT (2.5)
Tneniluareeudoyaidu %T viawesifudnisdesurosiasimes awld
%T =100
log %T = log 100%
log %T = 2 + logi

log%T =2+ A

A =2—1log%T (2.6)

AatiuAdlA1aglugag 0-1 uar %T desauws 0-100
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A13797 2.2 AFUEAIANUSEUTIBUIUBSIEUAN S0 IV ILEILAZAIAANAULES

Transmittance %T Log%T Absorbance
1 100 2 0
0.1 10 1 1
0.01 1 0 2
0.001 0.1 -1 3
0.0001 0.01 -2 4

nsiaeilagldivaindansilalewan- 3daaiunlnsalnl azendendnnisiiugiu

= 1

Aawlleluianalasundanundunasludisdginazyiuwasn (UV-Visible) Biannsouiiag

Y Y

£
=

ameluluanalzgnnseAulillssaunasungdy

Y

UV-VIS Spectrophotometer fizan1uilngil “inssssansilalaan-3@0aaiunin

2 A & A

o3’ WuinsesenldlunisnsradauSunauauaral intensity luiedsdeTuazaisuas
yfingariuniegngandulaefiogsfiinsegluniesiialaeiiniueninduuasasi
mnuduiusiuUTinauazviinvesasiogludnee wdsdnilngiaziduasdunidasuszney
Fstounayanseuvidfiannsaganduuadluiisaue madumd il
AnavdRlunisgandunamesasileluianavesiiegisgnaiefeuasiingay
wngavasilBidnaseun sluszmemianaganaunaudnudsuantuyluegluduid
spAUndsnugen levhmsiavTinavssuasiidunieaviouniaindog 1o uiuuas
Nnuvasindnfinimenaduarieg sunguesngueniosuasuaundsn Ansganduuas
(absorbance) suaqms%wiﬁuﬁuﬁwmuiuLaQaﬁﬁms@mﬂﬁuLLaqé’qﬁ?ﬁmmmerwﬁﬂﬁ

luszyrlauazUsuinnvesansianiisgludegla

d19
O [ N e | Detector | mummmm—m | Recorder
RNIBYIN

LARIR1LTR LA

UV-spectrum

5UN 2.16 %ANN1MNIUVBUATBIANTIIAANTULES
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2.7.3 Lﬂ%ﬂﬂiﬁazgaanaLﬂﬂT‘VIiﬁIﬂTJ (Photoacoustic spectroscopy; PAS)
ﬂ?idaﬂﬂﬁaﬂasqaﬁﬂaL‘iJﬂImaIﬂ"T‘J (Photoacoustic spectroscopy: PAS) R

89iuUs1ngn13al photoacoustic #38 photothermal MueAINITATIAFUDEAZRAN

Y

VsaNaNsENULUUmesiudangudy 9 lngldauasidusuaduininiu Aunulaens

wauadhul w.A. 2423 WeTusignisuiwasnandsudesluninadiegnaiodnnely

Y 9 Y

£
1 =

waddiaain Insiuasiignganaululae ingazeliAnauieudulusegniili
Ananuduniuvesaudueinianieluwadlnaindsazgnasaiulaglilasiny
ysngnisalaielulead photoacoustic gninaedlae Rosencwaig wag Gersho
wedailffgaienuannsalunmsduunuszinnuosiansine wuufa veuna as

v o I

Al wazvewds Jaldesnundurmisfiesnianasuasausourosdiogig
PAS dauandliniiudndaaulifean1snsiadunuLANaIes eI TAIUANLAY
meagngnaiesed JaatundesienmaseunaumaliansngiadunusouLasey
a ) Y aa s aa a s a

AaRnuazganusnunUssenaldiudymmeaidndinddaingnsunnduaziamns sy

tanvadlnldezaadnaiunlnsalnltupeniuaiusaluseuunsiadunly
Tulpsi (Biduldnfladsnd) vieiiuees piezoelectric (uagiuwmngidsnd)

= = A i a ada I

sndsznrsuilsfeninulianisiufsunuasresgungindyuinianuin
521319 10-6°C @y 10-5°C WIDsINTzAUMENAN LD NYBY 10 pW/cm? Fa.du
na i lUdmsurugneiunveuivianrusduiidonainraen tndvi
AN T lUNIIATIAdR U IHATIREATEn Bl A usafn Y Tan dunen

= a ¢ I o @ v vy Ao
u@ﬂlfﬁu@ﬁmﬂﬂq'ﬁ’%ﬂﬁqg'ﬁLLUU‘LNW']@']EJLUUGZJEJIW WIguna

Xenon lamp
5) /]
/ // Monochromator
o | Chopper
; Sample = -

Photoacoustic cell

Lock in - Amplifier

Computer

sU# 2.17 wannsvitnuvauasadlnldezasinaiunlasalnd
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Tunsiuduauided ginaifeiiaruaulalunsfnu msdaameiarsiaia
an () Falndvunsyanaladuazvuouninuiluvesinmideulaeanles laeld Central
Composite Designs TuN1508nKUUNISTIAADY wagliAsIzinaiildaniademsiaiaiades
Apseinsiasuuressidond nsesdanilloan-3aiaaUnlnsalnd wazideslnlgos
AafnaiUninsalnd lngldlusunsy Minitab 16.2.1.0 unldlun1smianuduiusvesiauds
iwdwﬁ’wmuiaﬂumiajmmiaxmalaaauuaxmmmLsﬁwﬁmaamsazmalaaauﬁﬁmasia

lasasisuavanauUAnIwaansaUTuTey

3.1 n19RRNLUUNTITNAaBY (Design of experiment; DOE)

NuATeloAunsiiaTgiNatoyayan M zaia g NFUTUSA 8151933

NuRmoUaUDY (Respose surface methodology; RSM) Tagldniseenuuunimnassdinsy
2 Hadu Feldun amududuasagaresssunardiuausenlunisia 9nnguives Central
Composite Designs Ssnaaluudrluund 2 gyinisideldidensuuvunisesnuuy central
composite design t81 Circumscribed ludunaunisadreduiiduuinan () Falis dae
waiinlEnisdesdulossulnenisgaduiagyiniiAseneiindevuunszandlad uay Face

centered @ wsuaiatuilanuitan () dalwd mewadaisnissestulessulaenisgadu

wazviufisenailindevuutulninitlsulaeenlualassasaululpsivundiuUsdema Uil
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A15197 3.1 WNUNTSNAAB9VDY central composite design WUU circumscribed @1%5U

AsaATIZENEANUIS aa (1) FalWauunszandlan

SLAUMN

o v o . JEAUNAN | TAURS
o R B (-1) (0) (+1) o
ALTLTY
anTavaERIL C  |oo1172| 002 0.04 0.06 | 0.06828
(luans)
Twauseulunis
94 D 8 15 30 45 51
(39U)

Wen @ = V2

A131991 3.2 n1suudayavas central composite design wuu circumscribed &3

¥ & ap ¢ o o a ad = ) (4 o
n1sadeduiauutsan () dalvd drewmatiadsnistestulasaulaenisgadunaziin

Ufiseiaiiiagauuunszandlan

1A Run C D B UIUTIU (59U)
a13azany (M)
1 8 -1 -1 0.02 15
2 9 +1 = 0.06 15
5 2 AN ! 0.02 a5
a 6 ) +1 0.06 a5
5 12 —a 0 0.01172 30
6 13 4 0 0.06828 30
7 4 0 —a 0.04 8
8 5 0 e 0.04 51
9 10 0 0 0.04 30
10 11 0 0 0.04 30
11 3 0 0 0.04 30
12 1 0 0 0.04 30
13 7 0 0 0.04 30
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A1519% 3.3 LNUNISNAABIVBY central composite designiuy face centered &1%5U

nsdaATIEEEaNUT 1 () Falnduueyniauiluveslnmiisulasanlyd

o3 o o . sedusn | sedunang JLAUGS
33 wanwal | _
“ (1) 0 +1 |
ALY
maazmaéfaﬁu C 0.01 0.01 0.03 0.05 0.05
(luang)
Turuseulunsy
D 1 1 3 5 5
(50U)

nuen a = 1

A15199 3.4 nasiiudiayavad Central Composite Design uae Face centered d13u

14 gll ap ¢ o/ s v a ada = g’l o/ (3
n1sas19uNanu1an (1) Falwe mammmsmswawu‘taaauiﬂams@w‘uuazm

Ufnseaiindavuurulnntieulasanlynlaseasiiaunly

a0 Run C D ol tataui MMUIUITDU (39U)
a1sazany (M)
1 38 -4 ! 0.01 1
2 9 +1 -1 0.05 1
3 2 3 a3l 0.01 5
4 6 Wl +1 0.05 5
5 12 "o 0 0.01 3
6 13 v, 0 0.05 3
7 4 0 _ 0.03 1
8 5 0 o 0.03 5
9 10 0 0 0.03 3
10 11 0 0 0.03 3
11 3 0 0 0.03 3
12 1 0 0 0.03 3
13 7 0 0 0.03 3
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3.2 ansaiiuazgunIniindasilaiildluntmaaas
3.2.1 gsadifiidlunisnaass
3.2.1.1 thusaanlessy (Deionize Water)
3.2.1.2 9x%lau (Acetone)
3.2.1.3 anuea (Ethanol)

3.2.1.4 wn1usa (Methanol)

gﬂﬁ 3.1 n) W1UsaAanlasau (Deionize Water; DI water), ¥) a231lau (Acetone),

A) PN1Ua (Ethanol) wag 9) wn1uaa (Methanol)

3.2.1.5 walmdisufleulaoonlen (Titanium Dioxidenanopowder; TiO,)
3.2.1.6 Twdlevidulnanea (Polyethylene glycol; PEG)

3.2.1.7 az¥hanydlau (Acetylacetone)

sUil 3.2 n) Iniieuilewlavenled (Titanium Dioxide nanopowder; TiO2), v) Twéle

#aulnamoa (Polyethylene glycol; PEG) waz a) azdfaasdlau (Acetylacetone)


https://www.gotoknow.org/posts/547457
https://th.wikipedia.org/wiki/%E0%B9%80%E0%B8%AD%E0%B8%97%E0%B8%B4%E0%B8%A5%E0%B8%B5%E0%B8%99%E0%B9%84%E0%B8%81%E0%B8%A5%E0%B8%84%E0%B8%AD%E0%B8%A5
https://www.gotoknow.org/posts/547457
https://th.wikipedia.org/wiki/%E0%B9%80%E0%B8%AD%E0%B8%97%E0%B8%B4%E0%B8%A5%E0%B8%B5%E0%B8%99%E0%B9%84%E0%B8%81%E0%B8%A5%E0%B8%84%E0%B8%AD%E0%B8%A5
https://th.wikipedia.org/wiki/%E0%B9%80%E0%B8%AD%E0%B8%97%E0%B8%B4%E0%B8%A5%E0%B8%B5%E0%B8%99%E0%B9%84%E0%B8%81%E0%B8%A5%E0%B8%84%E0%B8%AD%E0%B8%A5
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3.2.1.8 1an (1) luwsa (Lead (1) Nitrate; Pb(NO5),)

3.2.1.9 ladeugalaa (Sodium Sulfide; Na,S)

sU# 3.3 ) tan () Tunse (Lead (1) Nitrate) waz %) Tuiigudalyls (Sodium Sulfide)

3.2.2 gunsalisasilenltlunismaass
3.2.2.1 §auAILTouU
3.2.2.2 \esedlinusoulaznuasazaiy (Hot plate stirrer)

3.2.2.3 yv0edeansiadl 4 ganadiay

5U7 3.4 n) gauadnuiau, v) wsaslindnuiounazniuansazaie (Hot plate stirrer)

wae A) LAIBIYASLAY 4 Yaneiley
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3.2.2.4 919813denausanilada (Ultrasonic bath)

JU#1 3.5 Ultrasonic bath 1A389819AUDES

3.2.2.5 aTeendngansaranednlullf (Auto Pipettes)
3.2.2.6 nszaulusesansiall

3.2.2.7 nsganakan (Glass slide)

JUN 3.6 n) 1ATRIRATETAzaEdnluLR (Auto Pipettes) ¥) nssawlusasasiadl uaz

A) nszandlan (Glass slide)


http://www.mitscitech.com/index.php?option=com_content&view=category&layout=blog&id=31&Itemid=33
http://www.mitscitech.com/index.php?option=com_content&view=category&layout=blog&id=31&Itemid=33

3.2.2.8 In33UmeN
3.2.2.9 wSeduiaengg

3.2.2.10 AUAU

3.2.2.11 wuniu@nu1s (Magnetic Bar)

3.2.2.12 FoUANET

0\

b B3
|

" 1

=1

sUn
Y

3.7 n) Tn3sune, 9) 1ATDILAAI99, A) wuNLUAnNUIs (Magnetic Bar), ) AuAU,
wag ) Youdnans

3.2.2.13 UIRN1ULIaN

5U# 3.8 uriin1duLim



3.2.2.14 gunsaidesiuasiadl

JUN 3.9 aunsaldasiuasiadl

3.2.2.15 ip3eaan

3.2.2.16 WUuivie afiond® win™wUiu 810

3U# 3.10 n) wFaathan uag v) muguee afand® wian™wuiu 810

34
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3.3 YUABUNITANLUIUIAY

1. adeduiidaung | [ 2. a¥revuitduunaan (1) Falndiadou ]

an (1) galvd vusulmmidleulasanledlassaineunly

J
*  yunszanalan 2.1 wibuty TiO2
a oo = &
¢ lmaiiadsnisi3usvuloasu Taseaineunly ::

*  uunszanalan
* Tasn1s1435 Doctor blade

ann

Tasnsandunazitufizen
1Al (SILAR Method)

] ¥ o
LASAUAIEAITIUTDUN

[l gomgil 450 peruwadies
v

* 14 central Composite Wuan 30 uni
Designs  Tun1seanuuunts v E o 3 -
18 | 2.2 aSvuildy : * vudulmmdsuaanlad
vinaes ' U4 PbS | Tassadraunlu

* @52991A5189 Aauiaaq
AT UV-Vis, XRD |

* Fpsizduanldaaslusunsu |
Minitap 16.2.1.0 Tun13m1
AUAUNUS

o lmalad8n1siteetu
lesaulaenspaduuasiin
Ufjfiieniai (SILAR
Method)

* T4 Central  Composite

Designs tunnseanuuunis
| G0N
e amRdansi dneates
31psaeik PAS, XRD
o Fszinafilddaslusunsy
Minitap 16.2.1.0 Tun1smn
| ANNANIUS

5U# 3.11 Flow Chart ¥930Unaun1sANiuaIulY

3.3.1 adtuilduuinan (1) Falud Sremadiadsnisdesdulassulasnisgady
wazsi1uiseaiindauvunszandlanlaeld Central Composite Designs Tunas
22NLUUNIINARDY

3.3.1.1 enuazeanszandlanmeerdlaunazieviuealagldsnsinie

AAUDARS LaaA

JUN 3.12 mahanaazeanszandladlagldansdreiqentudaniluiia
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1%
v A

3.3.1.2 wssuansazareiildlunisnaasdlaeudsanseonidu a Jnines il
Jnnesi 1 ansazanoian (1) Tuwmsalummiusatuiiusinlesousasdi 1 : 1
Jninesit 2 wvuea Jnnesh 3 ansavanelumeudalisluwmiueadiutiiusiaain
loaudnsdiu 1 : 1 uaz Jninesd 4 wvnuea laeanududuvesaisazaslossy

an () Tuwsawazansazaelossulsinsudalnaiduluniunisan 3.2

1 2 3 4
Pb(NO,), é’mwa"nj A 3 BN Na,S ans1du 11 e
1:1 WnUaa uag W1 WnUeA uag U1
DI DI

5U 3.13 mMswseuasazarslaenisuusoandu 4 dninas

3.3.1.3 Unsrandlanfansinninuage1niseuseguaiIng 13 feg1adng

2/ :.’I a6 o/ & Y a aa a g o
nszuIuNsasvuilduan () daliamemediaisnisisestulessulagnisgaduuas

o aaa = o 1 ' 1 = Y & a ]
ugisenadl Tnsdmualmiaitunisguansazangluusasininasuudu 60 Jui

s .
19 Y

{

1 2 - 3 4
& = K K &= - & »";
|- -

60 Fuii 60 Hunit wWuke 60 3undi 60 Fuii Wuks

UM 3.14 Junaulunsiuarsazany

Y
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v
v

3.3.1.4 U lUInMELATBINTIIATIZIAIT LATDIILASIEANSREMUUYDISIE

wnd nsesdanilhilows-dddaaUnlensalny waviasednldesaainaninsalnd

3.3.2 wssutulnieulneanlanlaseadraunlumdavuunszandlan
2.3.2.1 8199AUAEDIANSEANAlanA8asdlnuLaz e uealaelte198na

AIUAFUTANS LA

‘!‘»'
Y

JUN 3.15 msviannuazaianszandladlagldansdiedisnaudanilaiia

3.3.2.2 waunslninileuleeanlon lnednsidiume walnwdeulaesanlen 6
nSu Indendulnanea 8 NSy azdfaszdlay 2 Haaans UirUsrAaNlesay 6

1aaans

U7 3.16 asulnmdieslaeanlydfinduasaudn


https://th.wikipedia.org/wiki/%E0%B9%80%E0%B8%AD%E0%B8%97%E0%B8%B4%E0%B8%A5%E0%B8%B5%E0%B8%99%E0%B9%84%E0%B8%81%E0%B8%A5%E0%B8%84%E0%B8%AD%E0%B8%A5
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32.3.2.3 UnlnwieulnoanloninauseusogwaitAaauaduunssandlaning

wiAtlA Doctor blade

) 1) ]
 ——
tapes p
materials
rd N g
] ]
substrate 1 substrate substrate
)] 9 o
[
" substrate. txt“:ubst;ae| [ substrate..

gﬂﬁ 3.17 wiaia Doctor blade

v v
o Wy ¥ NI

2.3.2.0 YIg1R0aue 3.2.2.1 94 3.2.2.3 uAsU 13 f1889

5U# 3.18 msvalnnitleulasanledasuunszandlan
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3.3.2.5 ihnszanalannuialndisulaesnlonseusaenaine 13 fsg1ell

TinuSounoamall 450 esrwadea WJuvian 30 wiil

JU# 3.19 msliunlninieulaseanlafnnuiaunamngil 450 asrwaides

3.3.3 advuilduuiraan () dalva drematiadsnisisestulessulaenisgadu
wazrinufnsealitadevvuvulnmiieslasenledlaseainsualulaeld Central
Composite Designs Tuniseanuuunisnaass

3.3.3.1 wSsuaisazateilviunisvnasdasaisuusesndu 4 dninos sl

P & » 1 ) |

Jnnesi 1 a1sazarawas () lumsalumiusanuiiusidainlossudnsidiu 1 : 1

= & = & ol = Y] ot 758

TNND5N 2 W upatninesi 3 arsazarsluneudalnaluniusanuuiusiaann

lopaudnsndiu 1 : 1 way Unnesh 4 wniuea naanuuduressaisazatslonay

an () luwsawazansazangloosulaifeudalnmduldaunisnai 3.4

Pb(NO,), aomd':tx . Na,S ans1du 1:1 Bmuea
1:1 wMuea uaz un Wnuea uaz un
DI DI

U7 3.20 ansazaneiidluntsnaasdlagaisuisoaniu 4 dnines
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3.3.3.2 hnsganalannuinlnniledlasenleduazlvinuieuissuiosum
14 13 fregradndnszuiunisasieduilauan () daliddiemnainisnisisedu
lopaulagnispaduuagyiuisenadl lnedmualiatlunisiuansazaneluusiag

Jnwnestiundu 60 Juni

1 2 3 q
- ) ) ) .
€ = & - = == - 3
| ! | | |
~ \ NY 1 4= ' 4 [
/4 |
60 U 60 Ul WIuns 60 Ui 60 uii wWuwis

aaa =

JUN 3.21 YumpunsEUIUMTEIITURANAEmATiaTansaaduLasinugfiseiad

6

3.3.3.3 Ul UIRMIELATBINTIANATISYAIL LATBIILATIEVNISHRYWULYDISIE

wnd nsasdanillon-ddidaaiUnlnsalny uwasviasedlnldezaadnanlvsalnd

3.3.4 14lUsunsy Minitab 16.2.1.0 Tun1suiAUaUnNUS
3.3.4.1 U manlaainiasesiianeiidiglusunsy Minitab 16.2.1.0 tienn
ANUFUNUSTENINF LU IUAs Ul UNIE0IRILUS AD AMUNTUYDIANTAZANY LAY

TuuseulunIsinasaraiy

Minitab 16

=

5Ufl 3.22 Icon TUsunsu Minitab 16

3.3.4.2 WigUWgUAMULANAMIalATIATIE ANFUIUS wazAaudRnIe

wasvesianuisan () FalWaindoveguunseanalanuazvudulnniloulaeanlyd

TAs9as19ulY
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NANISIYLAZAITILATICUNANITIRY

vanldnsdansziasisiniaen () falwduunszanaladuazuueyniauily
voslmmileulnoonlyn lagld Central Composite Designs TuN1500ALUUNITNARDY LAY
Annznadildnniaiemmaianiediinsginiaisiuuesisdiond wdasdanililowan-
Fadaawnlnsalnd uazindeslnlfozgainainlnsalnd Tasvhlusunsy Minitab 16.2.1.0
wildlunismanuduiusvesduyssenindiuiuseulunisiuansasatsles sunazaA1AIY
duduvesansazanslovaufifinadelnssasuazauauiBnsuamiontuusuioutudy

av v | gt
nanleaznanluuni

a ¢ v ay ¢ a/ -4
4.1 FpsgianeaznIsnIgnImYaIlanulIan () falwe
4.1.1 Wauuraan () Falwavunszanadlan
Wigvhnismeaetasunuteulilamvualiuanhlumesumendesdidnea JUN 4.1
Y @ = W a6 o ¢ o & & v
LAAS AT UD A NwUENIINIEAINYaINaNUIan () Falus Aduas ziuunsyanalanniald
Houlumnuduturssasazatefesuneitudasiulaainninagdndiodnuiuvesseuly

v 2

NsuiLduRauilddnIaIng

UM 4.1 dnwazvasilauan (I) FaluanduasieiasvunszanalannieldReulundny
v v ¥y a W Y o :
Wuduvasansarargasiufeaiu anududy 0.04 M laglidnuiuseulunisgy

nuansnany laun (n) 8 58U (B) 30 58U kag (A) 51 58U AUAIAU



a2

Tuguf 4.2 uansbiiudsdnuaenianenmwvesdiduuiian () Falwdndunsziau
vunszanalanngliteulvduiuseulunsiuieddulaeninarevesiiduaziiuladn dves

WAUTNVUTDYY) AIUAMUITNTUVOIATAZANYAIAUTILANTY

JUN 4.2 dnwauzvasilauunaan () dalWanduasizviasvunszanaladaielditeuly

Juqusaulunisduansazanglosaulfsaiude 30 sau lasiiaududuvas
d1sazatensfuiuandtsiudsland (n) 0.01172 M (¥) 0.04 M uaz (A)
0.06828 M mua1AU

4.1.2 Wauuratan () Falns vusulnmdsulaoanlydlaseasiaunly

nasInvin1snaaesrsumusetluliudnihlumesumendeiidnea JUN 4.3 uans

s o

Tt adnwazn1anienmsiiauulaan () dalng Adaasisiuutunwiiaulaeanles

U

TassasiaunlunieldFoulvanuuturasasazarsfasutnedfumunInagaziulaiile

Qe

o g A X A Ao & Ao =
QWU’JU%@Q%@UELUﬂWinILWBJ‘U‘UWﬁlIlI NS UUAUINIANINYY

UM 4.3 dnwuzvasilduuivan () dalWandunsigiasvudulnnieulasanled
lassadrunlungldRouluanududuvasasazarensdufeniu anududu
0.03 M lagfdruausaulunisguiuansdrenu laua (n) 1 5av (V) 3 59U uaz

(R) 5 59U MINAINU
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12 o
== v

warlugud 4.4 duuansdaninargvesiidauuiuan () Falnandunsienduuuty
nifleulpeanledlassadeunluneldtoulvdwiuseulunsquiiedrtuaziiiulain dves

WAUTNVUTDYY) AIUAMUITNTUVOIATAZANYAIAUTILANTY

(n) (V)

JUN 4.4 dnwazvasilauuirsan () daluanduasisiasuudulnmideylasanled
lassadreunlunigldnaulediuiusaulunisiuansazaiulosauihediufe 3
sau lnefianududuvesasazatensauiuand1eny ldua (n) 0.01 M (v) 0.03

M wag () 0.05 M a1uanu

nvsdnsdluansliiiugy snusevlunisguuaganududuvesasazaionsdu
dararodnurYaIRNUTNTAvesHANUEan () dalnandaasieriasuunszandladuazuy

Fulnndeuleeanlonlaseasiaunly

4.2 Asiznlassasrsnanvasianuisian () falna

dlehilduunswesasasiaduan () dalrsiidaasieiasuunszandlasuasuudu
Tnileulneenlgmasiadisuluauioulusing Winssinlasadwdnvedidugae
\3D9IATIEANNTAE LTRSS Eend

Tudruvesnmsdunsziitduan () Falwdvunszandladagldsuuuumadenuusd
ngidfinnsEenuuTiszuurdn (111) (200) (220) (311) way (222) Fauanstensiiaume
yosan () Falus Taoszuu (200) axdinudundngsiian Wewssuiieufiuguuuunis
Aeuudidiendueaian (1) Faluslumnuisoes K.C. Preetha uay T.L. Renadevi uansia

AnwarlATIAs1aNANLUU face-centered cubic
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600 =
. = PbS
.5
500
w <
o
2
2
(72]
=
3
£

0 10 20 30 40 50 60 70 80
20(degree)

sUN 4.5 segnsguuuunisifgduuiedionduasilaauig Pbs
111 : KC. Preetha uag T.L. Remadevi, 2557

Lsu'ulﬁEJ:]ﬁ’ulﬁamafﬂmm%’w%ié’fgﬂl,wumﬂgmLuu%’qﬁt,aﬂsz?maﬁxlémam (1) Falne
vudulnmieulaeenlsflasadunlunuisUuuunsidenuussdondtamuaisluuy
Fenfu Aeasnufinnsiaeaiuuiissuusdn (101) (004) (200) (105) (211) (204) wax (116)
Fauanadensinlaresmmdeslneenlednidulasiamdnuuummss inueadeuaznuiia
Tuszuudug Fudensivasuudnduszuulasiad1manuuy face-centered cubic wARAT

nsdegvasan (1) Falua

Anatase TiO,

(101)

(004)
(200)

(105)
(211)

Relative intensity (a.u.)

(204)

20 30 40 50 60 70 80 90
20 (deg)

Uil 4.6 freghsguuuunsiaeauuiidendvedlnnidelasenlud
fian : https://www.hindawi.com/journals/ijp/2013/726872/fig1/
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4.2.1 Wanvaaian (1) Falva vunszandlaa
WeNa1saunsaliAudutumif agnudndwuseulunsguiliinduazdanasie
& o & o vy X ouy - |
sUsvunsdguuliausaseiuiialatniudilawanddugui 4.7 lngludiuves 8 sou

nsguilianunsoneaiuiialifiesednuseulunsguitesiuly

=)
5 PbS 0.02M 8 PbS 0.04M
S 3
4l a
o
=
m = m =
o o Q Q
= pre < & 3
— N
> 'y g = > S =
k= 5 B i e pre aa
7] -~ 0 %) o N
= @ b =t a v
[ T ] o 82
€ a 45 58V € a
- - a 45 59U

I
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' ' 30 58U
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JUN 4.7 sUsuunisiagluuisdienduasilanuisvasasnaiaiiian () daluaatela
RoulvAuuTuaITazanenIfuLRednNy bawn (1) 0.02 M (2)0.04 M waz (A)

0.06 M ANAIAUY

wazlafiansannstinduseulumsguwiiy asnuinAnututuliuduasding

soguuuumadeiuululassaiiewdn vldausovssiuiialadavudslivandugui 4.8
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JUT 4.8 sUnuun1sideauusdiendvasilduuisvesaisnsnaunan () dalwdnneld

PbS (111)
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waulvdnurusavlunisgudeaiy laud (n) 15 sau (v) 30 59U waz 45 59U

AIUAIAU

4.2.2 Hauvraan (1) Falns vusulnmdisylaoanlaalassasiauily
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Tugun 4.10 wanslednuilaeuifigusuwuunsidgsuulagiigunaandutuyiin

] I Aaa a = o = o s o X ° .:4'
7’03L‘VI‘L!IW'J']Q%@JW?’TV]LLﬁﬂﬂﬂﬁIﬂi\‘iﬁiq\‘]NaﬂﬂJ@\i wan (1) qja‘leﬂﬂiqﬂa‘ﬂﬂ'ﬂumqﬂﬂnujlﬁaUV}uqﬂ
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ngliuuNIsagUwressd@endvaan (1) Falvdanunsadiuameaininudu
Nan (Grain size) vouan () Falnalalaeldauniswwersas (Scherrer Formula) Tagldainy

nieiieugenswilswesitaiitinudugeign (B, /,)

AUNT5LY0L583 (Scherrer Formula)
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a

NIV 4.12 wudh au shumdsiiaiifanudugsiian (20 = 30.02°) annidusiuaniy
gensnilsvesiadudadunsmazlddyuniadieniifu 29.30° wazAyun1awIwniy
30.47° maahwaqﬁgqaaqmﬁamwm%qﬁmmqm?wﬁq (B, /,) A 1.13 ilduvaq
Thdunhoisfsuhluunudiiedumanuuavemdnlagldaunswesesldvuandn
Wiy 7.60438 nm Tngdimaifeatuitluldenginaunnvesmdnian (1) dalnslums

P = = 1 o &
neaesitoulvdus dzlananisnnassineludl

M13199 4.1 uansvuavandnian (I dalWanugnaguunszanalandeauinliain

AUN5LYBSLTDTANNAVDITZUIU (200)

Gouly Aumisiiafiszu
AUy . (200) 26 B/ " D,
YDIAITALAIY — (SR \ (nm)

M) 38U (S8 2977 LAY
0.02 15 30.00 0.26179 | 0.04725 | 0.96593 | 3.17605
0.02 a5 30.02 0.26197 | 0.01973 | 0.96588 | 7.60438
0.04 30 29.88 0.26075 | 0.02944 | 0.9662 | 5.09512
0.04 51 29.92 0.26110 | 0.02128 | 0.96611 | 7.04901
0.06 15 29.76 0.25970 | 0.03014 | 0.96647 | 4.97601
0.06 45 29.78 0.25988 | 0.02036 | 0.96642 | 7.36815
0.01172 30 29.50 0.25744 | 0.02468 | 0.96705 | 6.07306
0.06828 30 29.92 0.26110 | 0.02051 | 0.96611 | 7.31597

NnvunvesHanian () dalwsfiduanld sziuldiitoulvdwiuseulunisqud
8 sou azliannsaduamvuiavewanld WeRansunsdliiaanduduindiu agnuin
$ruauseulunsduiifulvazdsaresuevessdnilidvuelnady wasdefinisunsd
fisnuseulumsgusiiu nuhenududurssasesmeseiuiifututudsadoraves

nanvililvua Rl ug Uiy



51

M19197 4.2 uansvuiavasuanian () dalWanugneguuaumaunlulnmilieslaeanlas

Fepuralaarnaunisasisasaniavasszuu (200)

Nouly Mumisiiafiszu
AUy . (200) 26 By 9 D,
MU o cos
UAId15a%ae (LsLﬂﬂ‘U) (nm)
59U (Savu a

M 2496 LSLA8U
0.01 3 29.94 0.26128 0.02094 | 0.96606 | 7.16391
0.01 5 30.10 0.26267 0.02025 | 0.96570 | 7.41370
0.03 3 30.04 0.26215 0.01919 | 0.96584 | 7.81723
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Iwaﬁiugﬂﬁ 4.15 (n) - (9) WDun1sad1ansvszndng (@hV)? uaz hV A1ae9

WALNANIUABINNAz NN lnEN1 7 NEUATIANULINTINFALNY X
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dipping cycles = 8 (%) dipping cycles = 51 (=)
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4.4 A512iR28lUsUN5U Minitab 16.2.1.0
Na991NAAIAIINAT VDI U NS I UABINMSUT BB UINIUTLUIRIATIEH

faeTUswNs Minitab 16.2.1.0 1f091115%1AL U LS T893 19AMAUNS U BITLAY
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Tnsaunisiugiuvesaunisadinaansarviuiiaeddilunisuszananisnevauesd

Aansailidussaunissaludl

y = Bo+ XiBixi + Nixj X Bijxix; + X Bux? (4.3)
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x Ao AUIPaIZaRUN 1

A o a o U dl
uaz - x A8 AILUTDATEAIAUY 2
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A o0 o A i a v & o
AUNTSALAAIERSAIRUNAIITIUNITUS NN SRR UAUDINA AN Tl LT us

aunsaoluil
y = 3.4852 ~ 2.3106C - 0.0468D + 0.0417CD ~ 5.625C* + (5.1x10™)D? (4.4)
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A1519% 4.3 A1519LEAINISALATIZHHIUAIA1UUUSUSIY (Analysis of variance;
ANOVA) dM%15ULUUINa09IN19AlnA1ansNaN151MAA UV 9N15 a5 193U aNU1Lan

() galnauunszandlan

. . Auade | AraBAn ANINgA
NATINVDY | IUIUAMUST g . .
o do = VIAIU UYUNU YDA F
N15UUSHY andy -
Source wususau | auyngaw | (p-value
(Sum of | (Degree of
(Mean | msnaaas | (Prob >
Squares) freedom)
square) | (F-value) F)
Model 0.70 5 0.14 70.72 <0.0001
C -
concentration
0.031 1 0.031 15.73 0.0054
of the initial
solution
D - dipping
N 1 (g 290.47 <0.0001
cycles
6.250E-
CcD 6.250E-004 \ 0.32 0.5907
004
3.522E-
4 | 3.522E-005 1 0.018 0.8974
005
D? 0.092 1 0.092 46.52 0.0002
1.969E-
Residual 0.014 7
003
4.434E-
Lack of Fit 0.013 3 36.95 0.0022
003
1.200E-
Pure Error 4.800E-004 4
004
Total 0.71 12

Significant at “Prob > F” less than 0.05

Insignficant at “Prob < F” more than 0.05
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" Y
aa a2 (2

TngdndrAgluaeing egfidn F aswuu@aliiuiainmsaiurmsaiiniuegiv

ANYAFILVRINITVIAGRY B9A F vosuuuagil 70.72 Jeuandliiuituuuiuiveddty 910
A 1 a o a €11 = °o w = P2 Y A v i

p-value AaAingaNifigatine F danudrdAglussuunselu deseediAntaandn 0.0500 v

oA IS °o w
gnszyIReulvvesguwuuilauddgy

Tusun 4.18 (n) wanadanI MU UAINEAYeIAUFUNUTTENINATUAUNRINY
AoauiuAUdITUYRENTaraTY karduIuTeuluNITIN WarIUN 4.18 (1) wansdiadu
1A39519VBIAMAUNAINUAB I FazifiuliinAmdsnunaudevinutuaziiditanauie
F1uu5eU UM IFURNVUI AL INUN ST UYDIA1 AT TUYRIaN TAE AL LAY

LAUNSIUADIVIUANAS

Energy band
gab (eV)
<22
22-24
24 - 26
26-28
28-30

> 30

Energy band gab (eV)
Dipping cycles (cycles)

0.02 0.03 004 0.05 006

Conecentration (Molar)

=]

SUN 4.18 (n) NSINLUUAINAAVBIAMUAUNUS TEUINIALAUNAI9IUADIRIUNY

Y

AMududuvasaisazaty wazduausaulunisdu uaz (¥) ulasesnevasdn

uaunasusRsiuvasanan () dalWanugneguunszandlan

4.4.2 Wauuran () Falwsvurulmniieulasanladlaseadraunlu
aunIsAMAAIERSaRUNaIn Tl UN1TU TN SRR UALDINAIAN Tl AL us

aunseelul
y = 2.05276 - 0.04000C - 0.60000D - 0.03250CD + 0.13034C? + 0.70034D? (4.5)
Tned

C AD ANULIUTUVDIANTAZANE

waz D fie Swduseulunisy
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N1INAE0UNBEIAYV0IaNN1TN T80 UlAENITILATIZRAMINLUTUTIU LUUTDY

wuudaesvzgnasivaeulagldmduuseanstamunese R? InefiAn R? Adwialawindy

oA

0.9895 viatlA1ngausulaves R? Yudosla1mdnlng 1 Fea19laarnnisnaaswduaia

a1unsogausule

A15199 4.4 A1519ULEAINT5ALATIZHRIUAIA1NLUSUSIU (Analysis of variance;
ANOVA) dM%5ULUUINa09IN19ARAA1dASINEN15M1AIR U VD IN5a5193uRaNULan

() Falwsvurulnndisulaesnlenlaseadraunlu

- U Anady | Ananan AN3INGA
WNATINVDY | UIUALUST ¥ o .
5 W\ | /4 YBIAIY YUNU ¥29A1 F
N1SUUSHY adu R
Source wdsUsu | duyngu | (p-value
(Sum of | (Degree of
(Mean | n1svneaas | (Prob >
Squares) freedom)
square) | (F-value) F)
Model 4.03806 51 0.80761 132.55 0.0000
@ -
concentration
0.00960 1| 0.00960 1.58 0.2500
of the initial
solution
D - dipping
2.16000 11 216000 354.51 0.0000
cycles
CcD 0.00422 1| 0.00422 0.69 0.4320
C? 0.50956 11 0.04692 7.70 0.0270
D? 1.35467 1 1.35467 222.33 0.0000
Residual 0.04265 71 0.00609
Lack of Fit 0.02813 3] 0.00938 2.58 0.1910
Pure Error 0.01452 41 0.00363
Total 4.08071 12

Significant at “Prob > F” less than 0.05

Insignficant at “Prob < F” more than 0.05



64
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Study of Structural and Optical Properties of PbS Thin Films

Homraruen, T*., Sudswasd, Y*., Sorod, R®., Kayunkid, N*., Yindeesuk, W*.
“Department of Physics, Faculty of Science, King Mongkut's Institute of Technology Ladkrabang,
Ladkrabang, Bangkok, Thailand; "College of Nanotechnology, King Mongkut's Institute of
Technology Ladkrabang, Ladkrabang, Bangkok, Thailand.

ABSTRACT

This research aimed to synthesize lead sulfide (PbS) thin films on glass slides using the successive ion layer absorption
and reaction (SILAR) method. We studied the optical properties and structure of PbS thin films by changing the number
of dipping eycles and the concentration of precursor solution. The results of this experiment show that different
conditions have a considerable influence on the thickness and absorbance of the films. When the number of dipping
cycles and the concentration of the solution are increased, film thickness and absorbance tend to become higher. The x-
rays diffraction pattern showed all the diffraction peaks which confirmed the face center cubic and the structure of PbS
had identified. Grain size computation was used to confirm how much these conditions could be affected.

Keywords: PbS thin film, SILAR method.

1. INTRODUCTION

Lead (I1) sulfide (PbS) thin films are an important binary I'V-VI semiconductor with a narrow band gap around 0.37-0.4
eV. The PbS thin films can be controlled simply by changing particle size and shape [1, 2]. They have received much
attention because of their potential application in optoelectronic devices. In the field of solar eell research, PbS thin films
have been studied to be used to converting light energy into electrical energy. In addition, thin films can be prepared by
various methods, including electrical separation, chemical bath deposition (CBD), successive ionic-layer adsorption and
reaction (SILAR), spray pyrolysis ete. [3, 4]. This research investigates on SILAR method for PbS thin film fabrications
because this method can fabricate thin film and control conditions of processes. This technique can also be done at room
temperature [5, 6]. Studying PbS thin film for solar cells, the concentration of the precursor affects the optical absorption
of the film. The greater concentration is more absorbed the light [7]. Moreover, the number dipped in a solution of ions
also affects the thickness of the film [§].

The PbS thin films making from SILAR process have received attentions as a sensitizer in photovoltaic cells. The SILAR
process has advantages compared to traditional processes such as less complex, less time-consuming, and low cost [9].
Therefore, we were interested in studying the synthesis of PbS semiconductor thin films by varying the concentration of
PbS substrate solution and the number of dipping cycles. In this work, design of experiments (DOE) were systematically
applied to find the effects of the concentration and the dipping cycles on optical and structural properties of PbS thin
films.

2. EXPERIMENTS
2.1 Lead (II) sulfide thin film synthesis

A successive ionic-layer adsorption and reaction (SILAR) method is a technique that similar to CBD technique. For the
technique, cationic and anionic precursors are separately placed in two beakers. Firstly, a substrate is dipped into the
cationic precursor solution then the substrate is rinsed and dried. Next, the dipped substrate is immersed into the anionic
precursor and then the substrate is rinsed and dried. These two steps of dipping are regarded as one SILAR cycle. SILAR
is a better approach when compared with CBD because of its shorter processing time and close stoichiometry formation
[10].
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2.2 Design of experiment

This research relies on the analysis of conditions using the response surface methodology (RSM) by the design of a
central composite design for two factors: the concentration of the precursor and the number of dipping cycles. The
central composite design is a three-level experiment (typically represented by the symbols -1, 0, +1), which is to adjust
three factors. Instead of full factorial, select some of the experimental conditions. In order to obtain sufficient data for the
statistical modeling, the resources are not too large. This method allows determining the concentration of the precursor
and the number of dip cycles for high-low experiments:

Table 1. The central composite design for PbS thin film synthesis.

Independent variables | Symbols | - 1.414 -1 0 +1 +1.414

Concentration of the initial
solution (Molar)

C 0.01172 0.02 0.04 0.06 0.06828

Dipping cycles (cycles) D 8 15 30 45 51

A second order mathematical model was used to estimate the expected response as follows:

¥ = by + Xy biXg + X b XE+ XX by XX, (1)
y is the influence of factors or variables according to the study, that is the energy band gap of PbS thin films.
2.3 Experimental procedure

The PbS thin films by the SILAR process are prepared with precursors of Pb(NOs), and Na,S in 1:1 ratio of methanol
and distilled water. The concentrations of precursors are 0.02 M, 0.04 M and 0.06 M. Dipping time of all substances is
60 seconds. The numbers of dipping cycles are as follows: 8, 15, 30, 45 and 51 The crystal structure of thin films are
investigated by x-ray diffraction model SmartLab® produced by Rigaku and the optical properties are investigated by
UV-Visible spectrophotometer.

£ T4 )
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Figure 1. The process of successive ionic-layer adsorption and reaction (SILAR) method
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3. RESULT AND DISCUSSION
3.1 Optical properties

The PbS thin films were characterized the optical properties by an UV-Visible spectroscopy in wavelength of 200-1100
nm. The number of dipping cycles was a factor that affects the PbS thin film thickness. The absorbances of films are
estimated depending on the film thickness. The greater the number of dipping cycles results in the thicker film thickness
and the increased absorbance of the film. In an equivalent way, the concentration of the precursor affects the absorbances
of the films. The absorbances of the films are increased due to the increased concentration of the precursor.

The relationship of absorption coefficient and photon energy can find the energy band gap of the material. The following
relation determines the direct optical band gap of the film.

ahv = A(hv —E)" 2)

Where, « is absorption coefficient,
h is Planck's constant,
v is frequency of photon,
Ais energy-independent constant,
E, is optical band gap defined as the separation between the maximum energy in the valence band and the
minimum energy in the conduction band,
n is depends on the nature of the transition is an index that characterizes the optical absorption process and is
theoretically equal to 1/2, 2, 3/2 and 3 for allowed direct, allowed indirect, forbidden direct and forbidden
indirect transitions, respectively.

In this research, allowed direct band gaps of films that obtained at various deposition conditions were calculated by
plotting the graph of (achv)2 and hv. Figure 2 shows plot of (ahv)2 versus hv for a sample (experiment number 5 with
dipping cycles = 30, and concentration of precursor = 0.04 M). The values of optical band gap are estimated by taking
the intercept of the extrapolation to zero absorption on the energy axis. For the sample number 5, the optical band gap
energy of the thin film is around 2 .42 eV.

Eg = 2.42 eV (Experiment no: 5)
Fil Deposition Conditions:
‘d@p'—gﬁnn=60;

* dipping cycles = 30
* concentration of initial solution =0.04 M

ahw)® (arb. units]

242eV

n

1 1.5 2 2.5 3 35
hv (eV)

Figure 2. Plot of (ahv)® versus hv for experiment number 5
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3.2 Optimization of deposition parameter

The deposition parameters were carefully optimized by CCD. The combinations of the independent variables in coded
and experimental values are given in Tablel. The effects of each factor and their interactions obtained using Minitab 16
software. The band gaps (y) of PbS thin films are modeled as a function of concentrations of the precursor (C) and
dipping cycles (D).

y = 3.4852 — 2.3106C — 0.0468D + 0.0417CD — 5.625C” + (5.1x10")D’ (3)

The significance test of the second-order polynomial model was examined by analysis of variance. The fit of the model
is checked using the determination coefficient (R%). The R? value calculated as 0.9330 which is acceptable. The lack of
fit value for regression of equation 3 is significant (F-value: 36.95), that shown in table 2. Moreover, the value of pure
error is low that mean a good reproducibility of the data obtained with a small p-value and a desirable coefficient of
determination.

Table 2. Analysis of variance (ANOVA) for response surface quadratic polynomial model for optimization of PbS thin film
deposition parameters.

Source Sum of Degree of Mean F-value p-value

Squares freedom square (Prob > F)

Model 0.70 5 0.14 70.72 <0.0001

g L 0,031 1 0.031 15.73 0.0054

initial solution

D - dipping cycles 0.57 1 0.57 290.47 <0.0001

CD 6.250E-004 1 6.250E-004 0.32 0.5907

c’ 3.522E-005 1 3.522E-005 0.018 0.8974

D’ 0.092 1 0.092 46.52 0.0002

Residual 0.014 7 1.969E-003

Lack of Fit 0.013 3 4.434E-003 36.95 0.0022

Pure Error 4.800E-004 4 1.200E-004

Cor Total 0.71 12

The F-value of model is 70.72 shown the model is signiticant. There is only a 0.01% chance of an F-value that occur due
to noise. The p-value is less than 0.0500 indicated model terms are significant.

The three-dimensional response surface plots were shown the relation of concentrations of the precursor, dipping cycles,
and energy band gaps of the thin films. The contour plot of energy band gap was shown in Fig. 4. The effect of the
concentration of the precursor and the number of dipping cycles correlated with the energy band gaps of the sample as
shown in Fig. 3. The energy band gap value decreases when number of dipping cycles increases and the concentration of
the precursor increases.
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Figure 3. Response surface plot of Lead (II) sulfide band gap (eV) predicted from the quadratic model. The effect of concentration of
the precursor (C), dipping cycles (D) and their interactions in the Lead (II) sulfide band gap (eV).
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Figure 4. Contour plot of energy band gap between dipping cycles versus concentration of the precursor.
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3.3 Structural properties

The crystalline structure of the Lead (II) Sulfide thin film was identified by using x-ray diffraction. The samples of the
thin film are the same pattern. Diffraction peaks are observed in the orientations (111) and (200). Crystalline peaks are
shows that the crystal structure the face centered cubic structure of Lead (II) Sulfide.

{200) PbS thin film with 30 eycles number
a deposited by SILAR medthod
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Figure 5. X-ray diffraction of PbS thin film under the same number cycles of dipped by vary precursor concentration conditions as
0.06828 M, 0.04 M, and 0.01172 M respectively.
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Figure 6. X-ray diffraction of PbS thin film under the same precursor concentration conditions by vary number cycles of dipped as 51
cycles and 30 cycles respectively.
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Figure 5 and 6 show that the peaks of pattern increase with increasing concentration of the substrate and the number of
dip cycles. The grain size of the PbS thin film can calculate from the Scherrer’s formula.

_ ki
P ";11’2 cos @

()

Where, D, is the average crystallite size,
A is the wavelength of X-ray radiation (1.542 Angstroms),
By is the full width at half-maximum intensity (FWHM) of the XRD spectrum of PbS thin films,
@ is the Bragg angle,
k is the Scherrer’s constant (0.94).

Table 3. Calculated the size of PbS crystals from the Scherrer Formula from the Peak of the plane (200).

Independent variables
Concentration of the Dipping cycles 26 (degree) (mlzlli‘zzm) D, (nm)
initial solution (Molar) (cycles)
0.02 15 30.00 2.707 3.176
0.02 45 30.02 1.131 7.604
0.04 30 29.88 1.687 5.095
0.04 51 29.92 1.219 7.049
0.06 15 29.76 1.727 4.976
0.06 45 29.78 1.166 7.368
0.01172 30 29.50 1.414 6.073
0.06828 30 29.92 1.175 71.316

From calculations in table 3, the sizes of the PbS crystals show that the films are between 3.176 nm and 7.604 nm. The
higher number of dipping cycles has the effect of larger grain size. Moreover, the increased concentration of the solution
resulted in the larger grain size of the crystal,

4. CONCLUSIONS

In this research, the CCD was used to optimize the concentration of the precursor and dipping cycles for lead (II) sulfide
film deposition by SILAR method. The quadratic model derived from a computer simulation program was used to
describe the relationship between the response and the independent variable. The concentrations of the precursor and the
number of dipping cycles have the relationship with the energy band gaps of the sample. The energy band gap values
decrease when numbers of dipping cyeles and the concentrations increase. The model from the optimization is
acceptable. The grain sizes of PbS crystals was calculated based on the concentration of the immersion. The grain sizes
show that dependence on the concentrations of the precursor and the number of dipping cycles. The effect of the
concentrations and the dipping cycles can apply for optimized conditions of solar cell applications.
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Titanium Oxide (Ti02) Nanopowder / Nanoparticles

US Research Nanomaterials, Inc. WWW.Us-nano.com

SAFTY DATA SHEET

Revised Date 8/18/2016

1. PRODUCT AND COMPANY IDENTIFICATION

1.1 Product identifiers

Product name: Titanium Oxide (TiO2) Powder
Product Number : US3492

Titanium Oxide (TiO2) CAS#: 13463-67-7

1.2 Relevant identified uses of the substance or mixture and uses advised against
Identified uses : Research

1.3 Details of the supplier of the safety data sheet
Company: US Research Nanomaterials, Inc.

3302 Twig Leaf Lane

Houston, TX 77084

USA

Telephone: +1 832-460-3661

Fax: +1 281-492-8628

1.4 Emergency telephone number
Emergency Phone # : (832) 359-7887

| 2. HAZARDS IDENTIFICATION

2.1 Classification of the substance or mixture

GHS Classification in accordance with 29 CFR 1910 (OSHA HCS)

Eye irritation (Category 2A), H319

Respiratory system, H335

For the full text of the H-Statements mentioned in this Section, see Section 16.

2.2 GHS Label elements, including precautionary statements

Pictogram :

Signal word Warning
Hazard statement(s)

H319 Causes serious eye irritation.

H335 May cause respiratory irritation.

Precautionary statement(s)
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P261 Avoid breathing dust/ fume/ gas/ mist/ vapours/ spray.

P264 Wash skin thoroughly after handling.

P271 Use only outdoors or in a well-ventilated area.

P280 Wear protective gloves/ eye protection/ face protection.

P304 + P340 IF INHALED: Remove victim to fresh air and keep at rest in a position comfortable for
breathing.

P305 + P351 + P338 IF IN EYES: Rinse cautiously with water for several minutes. Remove contact
lenses, if present and easy to do. Continue rinsing.

P312 Call a POISON CENTER or doctor/ physician if you feel unwell.

P337 + P313 If eye irritation persists: Get medical advice/ attention.

P403 + P233 Store in a well-ventilated place. Keep container tightly closed.

P405 Store locked up.

P501 Dispose of contents/ container to an approved waste disposal plant.

2.3 Hazards not otherwise classified (HNOC) or not covered by GHS

None

3. COMPOSITION/INFORMATION ON INGREDIENTS

3.1 Substances
Synonyms : Titanium Oxide (TiO2) Powder
Titanium Oxide (TiO2) CAS#: 13463-67-7

Hazardous components

Component: Titanium Oxide (TiO2) Powder

Classification: Eye Irrit. 2A; STOT SE 3;

H319, H335

Concentration:

For the full text of the H-Statements mentioned in this Section, see Section 16.

4. FIRST AID MEASURES

4.1 Description of first aid measures
General advice
| Consult a physician. Show this safety data sheet to the doctor in attendance. Move out of dangerous
area.
If inhaled
If breathed in, move person into fresh air. If not breathing, give artificial respiration. Consult a physician.
In case of skin contact
Wash off with soap and plenty of water. Consult a physician.
In case of eye contact
Rinse thoroughly with plenty of water for at least 15 minutes and consult a physician.
If swallowed
Never give anything by mouth to an unconscious person. Rinse mouth with water. Consult a physician.

4.2 Most important symptoms and effects, both acute and delayed
The most important known symptoms and effects are described in the labeling (see section 2.2) and/or in
section 11

4.3 Indication of any immediate medical attention and special treatment needed
no data available

5. FIREFIGHTING MEASURES

5.1 Extinguishing media
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Suitable extinguishing media
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide.

5.2 Special hazards arising from the substance or mixture
The product is not flammable

5.3 Advice for firefighters
Wear self contained breathing apparatus for firefighting if necessary.

5.4 Further information
no data available

6. ACCIDENTAL RELEASE MEASURES

6.1 Personal precautions, protective equipment and emergency procedures

Use personal protective equipment. Avoid dust formation. Avoid breathing vapors, mist or gas. Ensure
adequate ventilation. Evacuate personnel to safe areas. Avoid breathing dust. For personal protection
see section 8.

6.2 Environmental precautions
Do not let product enter drains.

6.3 Methods and materials for containment and cleaning up
Pick up and arrange disposal without creating dust. Sweep up and shovel. Keep in suitable, closed
containers for disposal.

6.4 Reference to other sections
For disposal see section 13.

7. HANDLING AND STORAGE

7.1 Precautions for safe handling
| Avoid contact with skin and eyes. Avoid formation of dust and aerosols. Provide appropriate exhaust
ventilation at places where dust is formed. For precautions see section 2.2.

7.2 Conditions for safe storage, including any incompatibilities
Keep container tightly closed in a dry and well-ventilated place.

7.3 Specific end use(s)
Apart from the uses mentioned in section 1.2 no other specific uses are stipulated

8. EXPOSURE CONTROLS/PERSONAL PROTECTION

8.1 Control parameters
Components with workplace control parameters
Contains no substances with occupational exposure limit values.

8.2 Exposure controls

Appropriate engineering controls

Handle in accordance with good industrial hygiene and safety practice. Wash hands before breaks and at
the end of workday.

Personal protective equipment

Eye/face protection
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Safety glasses with side-shields conforming to EN166 Use equipment for eye protection tested and
approved under appropriate government standards such as NIOSH (US) or EN 166(EU).

Skin protection

For any handling steps where the substance is in particulate form or in a suspension with pure water
where the substance is not solubilized, the gloves must be comprised of material that successfully passes
ASTM F-1671. For any handling steps where the substance is part of a carrier liquid, other than the
aqueous suspension noted in the previous paragraph, gloves must be comprised of material that
successfully passes ASTM F-739 (continuous liquid contact method). Gloves must be changed before
they show degradation and before the designated breakthrough time for the carrier liquid (as determined
by the ASTM F-739 testing or by the manufacturer). Handle with gloves. Gloves must be inspected prior
to use. Use proper glove removal technique (without touching glove's outer surface) to avoid skin contact
with this product. Dispose of contaminated gloves after use in accordance with applicable laws and good
laboratory practices. Wash and dry hands.

Body Protection

Impervious clothing, The type of protective equipment must be selected according to the concentration
and amount of the dangerous substance at the specific workplace.

Respiratory protection

The EPA mandates the use of full face respirators with minimum N100 grade cartridges if there is any risk
of exposure to the dust. For nuisance exposures use type P95 (US) or type P1 (EU EN 143) particle
respirator. For higher level protection use type OV/AG/P99 (US) or type ABEK-P2 (EU EN 143) respirator
cartridges. Use respirators and components tested and approved under appropriate government
standards such as NIOSH (US) or CEN (EU).

Control of environmental exposure

Do not let product enter drains.

9. PHYSICAL AND CHEMICAL PROPERTIES

9.1 Information on basic physical and chemical properties
a) Appearance: Powder

b) Odor: Odorless

c¢) Odor Threshold: no data available

d) pH: no data available

e) Melting point/freezing point: 1830 °C

f) Initial boiling point and boiling range: 2500 “C

g) Flash point: no data available

h) Evaporation rate: no data available

i) Flammability (solid, gas): no data available

j) Upper/lower flammability or explosive limits: no data available
k) Vapor pressure: no data available

1) Vapor density: no data available

m) Relative density: 4.23

n) Water solubility: insoluble

0) Partition coefficient - noctanol/water: no data available
p) Auto-ignition temperature: no data available

q) Decomposition temperature: no data available

r) Viscosity: no data available

s) Explosive properties: no data available

t) Oxidizing properties: no data available

9.2 Other safety information
no data available

10. STABILITY AND REACTIVITY
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10.1 Reactivity
no data available

10.2 Chemical stability
Stable under recommended storage conditions.

10.3 Possibility of hazardous reactions
no data available

10.4 Conditions to avoid
no data available

10.5 Incompatible materials
Strong oxidizing agents

10.6 Hazardous decomposition products
Other decomposition products - no data available
In the event of fire: see section 5

11. TOXICOLOGICAL INFORMATION

11.1 Information on toxicological effects
Acute toxicity
no data available
Inhalation: no data available
Dermal: no data available
Skin corrosion/irritation
no data available
Serious eye damage/eye irritation
no data available
Respiratory or skin sensitization
no data available
Germ cell mutagen city
| no data available
Carcinogenicity
no data available
Reproductive toxicity
no data available
Specific target organ toxicity - single exposure
Inhalation - May cause respiratory irritation.
Specific target organ toxicity - repeated exposure
no data available
Aspiration hazard
no data available
Additional Information
RTECS: Not available
To the best of our knowledge, the chemical, physical, and toxicological properties have not been
thoroughly investigated.

12.ECOLOGICAL INFORMATION

12.1 Toxicity
no data available
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12.2 Persistence and degradability
no data available

12.3 Bioaccumulative potential
no data available

12.4 Mobility in soil
no data available

12.5 Results of PBT and vPvB assessment
PBT/NPvB assessment not available as chemical safety assessment not required/net conducted

12.6 Other adverse effects
no data available

13.DISPOSAL CONSIDERATIONS

13.1 Waste treatment methods

Product

Offer surplus and non-recyclable solutions to a licensed disposal company. Contact a licensed
professional waste disposal service to dispose of this material.

Contaminated packaging

Dispose of as unused product.

14. TRANSPORT INFORMATION

DOT (Us)

Not dangerous goods
IMDG

Not dangerous goods
IATA

Not dangerous goods

15.REGULATORY INFORMATION

SARA 302 Components

SARA 302: No chemicals in this material are subject to the reporting requirements of SARA Title lIl,
Section 302.

SARA 313 Components

SARA 313: This material does not contain any chemical components with known CAS numbers that
exceed the threshold (De Minimis) reporting levels established by SARA Title Ill, Section 313.
SARA 311/312 Hazards

16.0THER INFORMATION

Full text of H-Statements referred to under sections 2 and 3.
Eye Irrit. Eye irritation

H319 Causes serious eye irritation.

H335 May cause respiratory irritation.

HMIS Rating
Health hazard: 1
Flammability: 0
Physical Hazard 0
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NFPA Rating

Health hazard: 1

Fire Hazard: 0

Reactivity Hazard: 0

Further information

The above information is believed to be correct but does not purport to be all inclusive and shall be used
only as a guide. The information in this document is based on the present state of our knowledge and is
applicable to the product with regard to appropriate safety precautions. It does not represent any
guarantee of the properties of the product.

Employers should use this information only as a supplement to other information gathered by them, and
should make independent judgment of suitability of this information to ensure proper use and protect the
health and safety of employees. This information is furnished without warranty, and any use of the
product not in conformance with this Safety Data Sheet, or in combination with any other product or
process, is the responsibility of the user.
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