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THESIS ADVISOR : ASST. PROF. SIRIRAT T. RATTANACHAN, Ph.D.,

172 PP.

ZnO THIN FILM/ BISMUTH DOPED ZINC OXIDE THIN FILM/SOLAR CELL

Nanocrystalline Zinc oxide (ZnO) thin films has widely studied for photoelectric
devices because ZnO is a semiconductor with a wide direct band gap and a large exciton
binding energy for their potential applications of solar cells. In this study, ZnO thin films
doped with bismuth (Bi) in concentration of 0.0-6.0 at.% (denoted as ZnO:xBi, x= 0.0-6.0)
were prepared by sol-gel and spin coating techniques on fused quartz and silicon substrates
and then annealed at 200-700°C in an electrical furnace. Effect of Bi concentrations,
annealing temperature and number of layer coating on the chemical structure, the optical and
electrical properties of ZnO:xBi films were investigated for potential in solar cell
application. From XRD pattern, ZnO:xBi (0.0-1.0) thin films showed the hexagonal wurzite
structure with c-axis preferred orientation in (002) plane and the tensile stress on the c-axis.
With increasing the Bi concentrations more than 1.0 at.%, XRD pattern indicated the
polycrystalline ZnO as similar with ZnO without Bi doping and Bi,O3; phase was found for
the ZnO films doped with Bi concentration more than 2.0 at.%. The average grain size of
Bi-doped ZnO films was slightly changed with increasing the Bi concentration. For the
optical properties and absorption coefficient spectra, all films showed the good optical
transmission more than 80% in visible region and good respond in the blue wavelength. The

energy band gap of Bi-doped ZnO films annealed at 600°C was slightly changed with



different Bi concentrations. From XRD result, it indicated that Bi concentration more than
1.0 at.% doping in ZnO films resulted the Bi out-of phase ZnO phase. Thus, 0.2 at.% Bi
doped ZnO thin film was chose for studying the effect of annealing temperature. The surface
morphology of the ZnO:0.2Bi annealed between 200-500°C showed high amount of the
large cracks while that of annealed at 600°C showed better surface with a less surface
cracks. However, with annealing temperature at 700°C, the amount of cracks in the sample
was higher. Addition, the optical transmission of films annealed at 200-600°C had more
than 80% in the visible wavelength range while that of film annealed at 700°C had higher in
the range of wider wavelength due to the large cracks on the film surface after annealing at
higher temperature. However, the energy band gap of films decreased with increasing the
annealing temperature. For the |-V characteristics under dark and illuminated conditions of
Zn0:0.2Bi annealed at 600°C, it found that the electrical conductivity of films were 0.938
and 1.153 (ohm-cm)™ for 1 and 5 layers of coating, respectively. Thus, the Zn0:0.2Bi film
with 5 coating layers was applied for prototype of solar cell in Ag-Al grid/ZnO:Bi/n-type Si:
p-type mono-Si/Al. From the relationship of voltage and the current density of solar cell, the
energy efficiency of solar cell with Zn0:0.2Bi film showed higher (2.51%) than that without
Zn0:0.2Bi film (1.43%). The energy efficiency of prototype solar cell with Zn0O:0.2Bi film
was low as compared to the commercial solar cells due to the high series resistance of cell.
However, the prototype solar cell with Zn0O:0.2Bi film annealed at 600°C provided the
highest Quantum efficiency as compared to that with the other films. Therefore, ZnO:0.2Bi

film annealed at 600°C can be used for the potential of solar cell application.
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parameter ZnO (experimental)

Energy gap (eV) 3.3-34

Mechanical properties

Bulk Young’s modulus, E (GPa) 111.2+4.7
Bulk hardness, H (GPa) 5.0+0.1
Epitaxial Young’s modulus, E (GPa) 310 + 40
Epitaxial hardness, H (GPa) 5.75+0.8

Thermal properties

o, =431x10"

Thermal expansion coefficient, K’ (300K) >
o, =2.49 X 10

1.02 £0.07 148 1.16 £ 0.08 (Zn face)

Thermal conductivity, K (W em 'K )
1.10 £ 0.09 118 0.98 £ 0.08 (O face)

Specific heat, Cp (J mol 'K 40.3

Electrical properties

Carrier concentration, (cm_3) ~10"
Electron mobility, p, (cm’V''s ') 200
Hole mobility, (em’V's ") 5-50
Exciton binding energy, (meV) 60
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AWANUI WU IUUDILDVNAINUADINY (Energy forbidden band) 819158NDNDYNIMDVNAINIU
[ [ é 49! [ 9 1Y Y Y
HDIIN {(Energy band gap, Eg), (Eason, 2007)} mmuagﬂuiﬂﬂﬁiNmmuauwawmmmmmm
P A ¢ PR ) w Yy 9 P A ¢ P wa
Nauunasaneon lasa aaiulasaadauaundsnudssuveadlauneginoon leasuiluauia
d‘d o %
NUANUAINYNIN
A o o qQ Ya & ) P
mi@ﬂﬂaummummmwmm@ g vieanasou luruuaUIMaUss (valence
Y 4 Ay [ Y Y v & v 0 .
band) gﬂﬂimuuazmammGumuauwaNmmwm”lﬂfjwmmuwawmmmu1 (conduction
= o ya adag a [ o a 43! 4
band) 3ari1 1¥inad@nasoud ase lunaunasniuanutazina laa (hole) ¥u Jutto I A U

2 o ) v v o dY a - v o ~
u@ﬂﬁ]’lﬂuWﬁQQTUﬂﬁgﬂu (AE ) ﬂﬂﬁuwuﬁﬂﬂﬂj']uﬂﬂl@ﬂiﬂ@]@uﬂgﬂ@lﬂcﬁu ANTUNITN 2-3

AE =hy (2-3)

1 H o J d' Ad'
Tag h AoAIAINUYBINAIA (Planck's constant) LA v ADANUAVDI THABUNYN
= [ g’/ o A a 49! A [ = 1 [
ganau awluilsngmsaiganauIdaeuazinaviena 1y Iiaeul AN IINEINUYDY

HOUNSINUADI I (E)

afd a Jd d o Ly Y v v d a Jd
2.3 ‘Naumauﬂumﬂ@@n"lmﬂmmm‘mmNimmwmmaaumamm
a o a J 4 v ) a <3 A : v o a I~}
WauvranTudedesn lsaasnadnisian uezuaasauiauuuasnad st any
(n-type semiconductor) 1AA18N151ANOABNA151V0F 19 (donor dopant) 90z ADNVOITTROR 1
) v a J JNY 1 .Y ax A A ' @ A
dmsuzaneon lasa 1aun Al, Ga, In, B, Sc, Sn, Bi MeIsmsdenuanaanuesn 1l @131 2.2
A A 9 ax 1 4 I Y 9 e !
UEAAINITDDLADNUDITITOAIYITAN €] wiaunaannannud 1L nih (Resistivity) A1
[ 1 1 o 1 S 3 14 U
ANURUUUUVDINYE (Carrier density) A1AINADADINIVDINIYE (Mobility) Ao uamsaeq
[l (] { o < . . .. . a 1
mummuﬁﬂummmﬁmwyﬂmamu (% Transmittance in visible reglon) HAZTUAUDLUN I

4 (Substrate)


https://en.wikipedia.org/wiki/Planck%27s_constant
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la Ay

ard Aa d
WaneaBaneenloaiitdedrueznenlusen (B)
A a| d a 4
(Lokhande et al., 2001) AnE1autian1e Insaad1e manes tagne Inlihvesilanunaden
I { a aa ]
pon laaniRendeTuseu Nk sudlomaiinannlsd lw1sada (Spray pyrolysis) UUUHUF A 910
a J a ~ v A d ~ nmya 9 A & ~
a3araeF e ozdiaa lummuea w3 suieunuilduuiei 1 ldRedeeraeuasite Fudou

Y axt A (% 1 a J 2 = 9 . Y v A =2
A7 AN UNU W auINnedesdl Inseaiauuy hexagonal wurtzite 1 38N1TVIALTYINDNATY

v
a

a . = =2 a < 4 A A 9 9
WUIAUT (c-axis) VOIHAN VHIAVDIHANTIADDN lyAanadis o8 o) o uANUTUYLVDIDLADY
A A Y v A A s 2 ¥ v A1l Aaw ) o A
13190 MSFaaNUETNTUAIT0M 0.8 o1TUA Tastiniin UAINAAANUATUMIUIIN YA
- a I X o o a <3 a o a J P
Uszana 10 Qemuaaanganssudluansnedniwiianu Aduunsddoon ladnRedsTuseud
1 1 1 [ - 4 1 d’ =3 a| o
ANTADIHIUYBALEININNI 80 (/DT ¥ UA THFANVE1IAAY 400 DI 800 W1 11UAT ANV
a J S A Y n ya 9 = [ ] 1
Fanoon ksanenle Tuseuuas 1u lanea18Tuso Ul na 1914509314 (energy band gap) 153Ny
ad 4 ad 4 o w o Y o A
3.32 Bianasou1aaq uag 3.22 dianasou Taa mudny Tasdnnu lannanlnaiumsganau
ad
EaUeIlany
A a d a 4
(Chenetal,, 2007) An¥ianiianialasaas1a mavad vazna lihvesdl duunagad
) a4 o Y ad ) . .. 1
pon lyaNRonle TuTOU NWTINAI8IT metal organic chemical vapor deposition (MOCVD) LUK
Y A a = (94 A a o @ g I g}/ 9
JuuiINgungil 170 oanaBed MNUNAUD laeNaden (DEZn) fu Toui dluasasdu uaz
[ 3 ! o I
Tuna'laTusu @,H) WHumsdenldozaonTusou Tasmsanudasims naund laTuisulu
Y] [ [ (2 [
DRTINN NUBATINT Inaveauna 1aTuisu 25 scem (standard cubic centimeter) 11’9‘?}ﬂ1§%ﬂ!§m
R a o o ~ 2 aa ) ) '
HANTIADON 1A 1T U1V (002) MWUUILAUFURIHANANTA 1HAIAIIUATUNIUVDIE U
1 [ 1 1 s I o { 4
(sheet resistant) 1524194 30 Qsqr 1HAIMTA DIHIUVDILAININNI 85 105 IFUA THLAINAMY YT
< Aa ~ 1 @ a d
AIWITONDAUT U (visible light) t1az D UWUTA (infrared) UAIUAADIAIVDININEDIANATOUG
q oA ar 4 A g’.} o Y
Uszana 17em’ V's" Nanunuvesilanyszana 700 u Twwas We v Wavuaiududany
VA d A @ A, a 3 s
omenuaud lasumsneseluseulinnuadesunnnin et ldseaug 1wl uead
A o @ A P 2 2 o
uerao1nag laglinavunaganeon loanideateTusewdludd I @ 1uni s unea (front
I3 a d an @ . 9 a A = S 3 o
electrode) YDALKFAALTIOMAGUULTAADUOTYFIM (a-Si:H) HszaNTMNgada 9.1 nlosigud
(Houng et al., 2007) ANBINAVBIN DY (pH) Aoauian1alasaas1e maues wazma luliih
a @ A s A Y A o s Y
Yol auuFIAeen lyanealeTuseu NFUATIZHAUNTEUIUMS Twa-1a (Sol-Gel process)
' U aa 9 A . A o~ a 4 a
VUt ug U110 T5Fa1nAA 201A3 09 spin coater 1IALIANIAT ONINFIADLFIAA 1a latasa
(Zn(CH,C00),2H,0) TulasmfiaTuisa (BOCH,),) wu31a1 pH inaaomsinanan Insea3ig

Jd A

yama auiama ilueemanasesilduunsgdoon lad Taowuwanmelufldulivunalug)
2 A 2
A

A 2 1 Aaw a o 1
Uiile pH Y04a15a2 18RI TN Y AN AANUATUNIY (resistivity) Vos T duanaelugi
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oK 3 A A = A A ' = ° Y1 Aaw
1.6 10 994.2x10 Q-cm UBIWN pH 310 5.00 6.2 LUBLWNA1 pH ﬁ@llﬂ@ﬂﬂgﬂWGlﬁﬂWWﬂﬂﬂ'J']N
9 v A da! ad A 1 % ad ~ ~ 1
ATUMUNAVUATUINUYU “V‘Ia3J3JﬂWﬂ'ﬂllﬂa?NG]'JGUfNWWTTZ?JLaﬂﬂi@u’e;ﬁﬂq@ﬂ pH Uszm 6.2
[ ] ] =< 1 - d a A dy o o Y
mi’e’fmmummuﬁﬂumq 400 D4 800 U"IIULNﬁi 11NN 80 1WoSIFUA A pH VlLWﬁJsquN‘ﬂ'ﬂT‘iﬂW

1% ' J ad 4
NAINULUDUBDIIN (energy band gap) aAAIN 3.38 5\3 3.23 @Lﬁﬂ@lﬁﬂuiﬂaﬂ

i A gy

ad a Jd a
WanusBaneenluaiinedigeznenozgiittien (Al)
va a o a 4
(Rimetal., 2008) An1auianiesInssad1e nrwas uaznie i veslauniegd
JA A g Aaa Ao 7Y oA
on lyanivedvozg it ouNduATIZ1ABNTZIUMS T5a-19a (Sol-Gel process) Hazifs BN AN
] o A A an A A a J¢ a
vuAug U udniimsueutiangungiaie q 1inwaiss ounna1saza1es s ozdna la ls
Y a Jd
1950 (Zn(CH,C00),2H,0) Tu'lo oy Twnvoa naz ldezgiitionnas lsaenas lamsa (AICL6H,0)
I A Aq Y a A 1A d A v A = =
Wumsinenliezaewezgiition nudlauimsTaizeawanluszuIy (002) MULUIMNUETYN

~ X

Y
guHIMIeUTIa (annealing) 310 500 19 700 BIFIFAF T TAogUUNFIVUTMIVAL BRI U A2
a d ; % 1 Ao
Yol aulanwaduauenazinansza U TUmAT ATNNAATIUATUNILAAAIDIN 73 119 22 Q-cm
1] v Y ! 1
WoguuniMsuoulaiuIuIIN 500 D4 650 pIAUTAFod Hogurgl Tunsueutamy
I 1A v v A X 1 1 1 '
i 700 oer @B ANAAANUAIUMUNA VLAY ATM a0 IUUD I TUTI 400 D19 800
A A A A a L 1 = = 1 S <3 o
W luas vesWaunueulangamgiaIng 650 earesaea A MWINNIN 86 o3k ua
a adg a J v o 1 o {
(Gabés et al., 2009) fAnKIANLAMUATIAzMBIAANTBTNdVOITOIA WA TTZHINHEND A
A 9 a A A 9 a A A G 9 a o aa
Redlvezgilifisunazilsianinasinedlvezgiition Nigs suarematindlsd InTsade
Y

(spray pyrolysis) DUMAUFIUFanou WU IaTea3 MunUFananAdduda n15190a1002AoNv04

a { FA=N b A ° ar o
63ﬁhlﬁﬂhﬁﬂ%h1m REENY L‘]JE]iL“Iﬂm (at.%) ﬁ1M1iOLWMﬂ31uﬁ1h1ii‘liuﬂ1iu1111/1“?//\]161]@01/1ﬁiJ‘lJN

U

v
aAAaA % 1

Y Y 9| A 9 a A o Y
18 Wama I ueemaasndlinnumnz au wazdamumsidedvezaouezg it ouvi 14
Y] ar o :; "V o H 1 Aa
eanmslgnilaudndlduinei lildveozgiition

o wa ad a J
(Copuro@lu et al., 2009) Any1EruAN1e Inseard 1 emanas uazma Ivihve sl dunedan
s A Y Aa A A o < Y ~ ad
pon laaNRoAIpzglitionNduns 1z iR 18NTzUIUNS 15a-198 (Sol-Gel process) Hazids suTlaw
' k4 A o 4 Aa J a
VNUULAUg IR MnmaidunTzinnaisazatesenosdna la lamsa (Zn(CH,CO0),2H,0)
a 4 I 1
Tu'lo T Tnwvea Taeldozgiidion luasaTuus lawsa (AINO ,),9H,0) el uaish 1dozaou
=\ 1 A 9 a A o Yy a J = = =
pzqiiifion WuNMINeAwezaeNazglitonh RN auUNE IR oon lediinsiaiE savowanaw
=) = Y~ VA A M yaA 9 Aa A = [} 19
paunu® Tuszu (002) vowan ldanlaui i ldivedsezgiition vinaveandneg luszay
A 1 1 1 ard ] = = J 2 S =
Ty Gamsaesriiuvesaad il aun1a1us93 400 59 800 W Tuwas gaie 90 1Wloddua a9

VA A nm yaA 9 a A
wnniaun lildivedvezglition
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afd A d ¢a
WanuraFaneen lsnnidengaznonunaldey (Ga)
. - = v 9 Y a d a 4

(Fathollahi & Amini, 2001) AnEAMATAMA IATIa3 19 Mauas uazn Iniwe sl danedad

A A Y a A o 7Y Y A o
pen lyaNReneunAdeN NTFUATIHAINTZLIUMS Lya-19a (Sol-Gel process) La ei3 BT AN

H Y A o Y a < Aa
VULAUF UL MNwanduaTiziaIea1I0za1039R 02 F1aa la lasa(Zn(CH,CO0),2H,0) lu
I

24UNONFHONINOA (2-methoxyethanol) Taeldunaden Tuasa Tuuz lansa (GaNo ),9H,0) 1ilu

a =*

A Aq Y = ES o A A = 1 e o
asen Iozaounamon mnuum"lﬂuauuamqmmm 500 D14 700 DIFUTATIE WUNWAULNY

Y

a 7 P v A =< ~ yad X A a a
Glf\?ﬂ@@ﬂhlclfﬂllﬂ’lﬁi]ﬂljﬂqwaﬂﬁ'lullujllﬂucﬁﬂluigu'lﬂ (002) llﬂﬂf]\iellu Luaqmﬂﬂvj\liuﬂ'ﬁuﬂuua
Ao

2 1 A Y a J -3 A =
g Taeminannudveslannnangalszinm 6.3 x 10” Qom vosuamsouna@on
" w P-4 A A A
N1 2 DzAON IBFITUA (at%) NYUNAT 600 DIF VAT
wAa a d a J P
(Paul & Sen, 2002) AnkaviaNIIasaas 19 uazma Iihwesldvuadeneen ludnie
Y = A o I Y Y ~ ard 1
Aounamoy NTINTIZHAONTLUIUNT Tea-19a (Sol-Gel process) 1A 63 SUN AWV NUULAUFIU
Y A o 4 a J a
ui MnwaiduaszHIndITazaeTIRezEIAa Ia lama (Zn(CH,C00),2H,0) Tu'leo Ta Twn

s < { VAo o
uoa Tavldunadounas’lss (Gacl) Huasmenliozaouunaden wuauueiinmiiaisos

Y
A A =

=2 dddﬂg A =Y ld’ =Y =)
Han UV (002) MUUUILAUTAY U Wofi NS Mua1TRoNINT L uaNYS M Iua1T1T0
= S 3 4 " Ao Ao A -
unaden 2 ozaew Wedigud (at%) Tdamnannuaumu ldihdfgedszina 6.8 x 10° Qem
Y Y 9 ad 20 -3 Y .
AreanuE T uvoINIMEdanasauszana 107 em” uaz 1% A1 Thermoelectric Power 1/52 31181
0.114 mV/K
A a o a 4
(Fortunato et al., 2008) An¥1auianalasaas1a masas vazma Wi we sl duunadad
S A 4 = A A Y a a Aa . A
pon leafiionleunadoniies ouaromaindilames WUUAIUD NG (RF sputtering) 7
a ~ 1 Y ~ 1 a 4
QUNNNRDI A20AWD 13.56 MHz DULAUFIUEAININ target NHANTZHINFIADON 190 (ZnO 98

-2 ¥ v W ~ I - . ¥ o VA AW
Lﬂf]‘il“]flmiﬂfllﬂﬂlm) ﬂ‘lJLl,ﬂamEmE]’é)ﬂllcliﬂ (Ga203 2 Lﬂ@il%u@IﬂﬂuTﬂuﬂ) NUIUATMNDAANINY

'
A o A

{ o - 1 @ a d
arunmu i ddfgalszana 2.8 x 10” Q-em linnunaesdvesnnzdanasoul sz
2 Y 9 ad 21 3 = a J o
18 cm’/Vs LAz U UUDINHLDIANATOUTZIN 1.3 x 10” cm” 1AgNANUDITIADDN Lyd 11
a| d [ % 1 1 1 ]
Wduuaimadaiseadaluszuy 002) muuunu 18a taziiaimsa o uvoaaaluyig
= ' ' = - 4 yay o A o s A Y
400 89800 W1 TuWAT 8E521I19 80 09 90 e iFua TaglilduuTnoon laaniveae
I ?1}/ 4 a L4 Aaa [
unatdoaniluaa T8 1 (front electrode) Yoty UAIDINATUUDFAADUD T Y11

i 7 d ¢ A ' a a 72 2
(Amorphous silicon) o1 iszgnditluaadueaseniadnuiniidse@ansnmia 9.52 nledisua


http://en.wikipedia.org/wiki/Amorphous_silicon

A A A A = o a J J a1
ATTNNN 2.2 ameu’mmEmL%%)Gluwau‘mwmeaﬂ"lwu,amummq 9

Resistivity, p Carrier density Mobility Transmittance
Dopant Processing (Technique) 4 )

(Q-cm) (cm ) (cm'/Vs) (%)
metal organic chemical vapor deposition (Chen et al., 2007) 2.8%10° ~2.0 % 10" 17.8 >85
Sol-Gel + Spin coating (Houng et al., 2007) 42%x10° ~1.0 x10” 8.0 >80

B
spray pyrolysis (Lokhande et al., 2001) 10°-10" - - >90
chemical spray pyrolysis (Pawar et al., 2009) 45%10° - - 295
Spray pyrolysis deposit (Gabas et al., 2009) - - - -
Facing targets sputtering (FTS) (Rim et al., 2008) 2.4%x10° - - >80
rf-magnetron sputtering at low temperature from aerogel nanopowder | 7.6 x 10"
1.17 x 10~ - >90
(Ben Ayadi et al., 2009) (O, atmosphere)
Room-temperature radio frequency (RF) magnetron sputtering » 2
7.1 X 10 5.1 x10 17.2 86.9
Al (Lennon et al., 2009)
Inductively coupled plasma (ICP)-assisted radio-frequency "
5.7 %10 11.0 >80
magnetron sputtering deposition (Chua et al., 2009)
Radio frequency reactive magnetron sputtering (Ding et al., 2009) - - - >90
Pulsed laser deposition (Liu et al., 2009) - - - 85 @ 550 nm
pulsed laser deposition (Liu & Lian, 2007) ~0.9 % 10" ~1.5%10" 18.0 -

€l



A A A A = o a J J a1 1
ATTNNN 2.2 amau’mmEmL%%)Gluwaumwmeaﬂ"l%mmmummq q (919)

Resistivity, p Carrier density Mobility Transmittance
Dopant Processing (Technique) i
(Q-cm) (cm”) (cm’/Vs) (%)
Sol-Gel + spin coating (Copuroglu et al., 2009) - - >90
Al
dc and pulsed dc magnetron sputtering (Oliveira et al., 2009) 3.3%x10° 1.5% 10" 12.0 ~85 @ 550 nm
atmospheric pressure metal-organic chemical vapor deposition Y 2 75 to >85
3.6 X 10 >5.0x10 30.4
(AP-MOCVD) (Huang et al., 2009) (400 — 800 nm)
~8.3x 10" 48x10" 15.6 >80
1.36 x 10"
. . (single layer) 4.1 % 10" 11.2 -
low-temperature radio-frequency magnetron sputtering
Ga (Tseng et al., 2009) [ SRRy oD
28%10°
(sandwich structure) 2.6 % 10" 8.4 ~70
@ room temp.
Sol-Gel + dip-coating (Fathollahi & Amini, 2001) 6.3%x10° - - -
Sol-Gel (Paul & Sen, 2002) 6.8 10" 1.0 x 10" 9.19 -

14



A A A A = o a J J a1 1
ATTNNN 2.2 ameu’mmEmL%%)Gluwau‘mwmeaﬂ"lwu,amummq q (919)

Resistivity, p Carrier density Mobility Transmittance
Dopant Processing (Technique) ]
(Q-cm) (cm”) (cm’/Vs) (%)
Chemical spray pyrolysis (Castafieda et al., 2006) 8.0x10" 7%10°-9%10" 0.1-2 >80
chemical spray (Maldonado et al., 2004) 3.0%10° 10° 6.0 >85
In R.F. magnetron sputtering at room temperature \, "
3.44 x 10 4.0 x10 44.5 78
(Bernardo et al., 2009)
chemical spray (Lucio-Lopez et al., 2006) 3.0%10° 6-9%10" 3 85
Bi(Bi”) | RF magnetron sputtering (Jiang et al., 2009) 1.89 X 10° 3.45 % 10" 9.56 85
Sn Sol- gel (Tsay et al., 2008) 9.3%x10° - - 90
Sc Sol-gel (Sharma et al., 2010) 1.91x 10" 8.9x 10" 98 84

Sl
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la Ay

ard a d

WaninseBsneenloaiinedseznonduden (In)

(Castafieda et al., 2006) ANYIHAVDINTABLFANTNA1TALAIW acrosol WAL QUNR VYD

a Jd 1 v a d a J S
TuvzessuiauaeauiAmMalInsead e manas vazne IWihvesilduinegsdoen ledn
A9 a = d' = 9 axy . 1 Y a J a
RPAWD LRGN NIA3 BUAIYID chemical spray VULNUFIULND NINATAZA0T A0 TIA0 0 lansa
H . . Jya I

(Zn(CH,C00),2H,0) Turin)s 1910 lovou (deionized water) Tag o uidon luasa (n(NO ,),) ity

A d' Y a = 1 d' an -d'-d A 4%’ o Y1 av
5N WezaouduwAey nuIulodSnansaszsanni luasazaemuyy iz lvanna

a 1

£y 9 ° B {
ﬂ’NlIGﬂu‘l/HuVl‘V\lW1ﬁﬂﬁﬂ@]11§fﬂﬂi$ﬂ1m 4 x 103 Q—cmﬁqmwmmmuwugm 525 mmwm%ﬁ

u

' @ ad A 2 { a ]
ﬂ’)'lllﬂaE]\WI’NJE]\?‘W'IW%@LQﬂ@]iﬂulWN%uq@q@ﬂi&’N'lm 10.5 cmstﬁqquultwu§1u 500

v
=

Y wa ' a d A a ' o
E]Whl,clim%ilﬁ‘ I@]EJGLWﬁ‘ll‘lJG]ﬂﬁﬂlua1‘(’JEJLaﬂ@lia‘u‘ﬂﬂﬂﬁﬂﬂﬂmﬂﬂuﬂl@\mwugiuﬂlmzﬂWmf.i

Q Q U

D.

= =

] = = dy [ Y dy [
spray Tue29 475 949 525 A IATOE UONVINHNITIALT BIWAN TUTZ U (002) CREATI TSI ER TR LY

v
A 1A

[} 9
ﬂiﬂ’f)%“l)’ﬁﬂﬁ?ﬂ%ﬁhﬂTﬂLﬁNWzﬁN@giu%’N 5 5\1 g Haaans aolTunaasaza1enavua 500

4

A aa a o A A A Y A J 1 J J <3
yanang L!ﬁgwauﬂqﬂﬂlﬁﬁfJﬂJnﬂN@uhlsUclﬁﬂﬁll'lﬂ‘!ﬂ’]ﬁﬁ@\?ﬂ’]ﬂﬂl@\ﬂlﬁﬂﬂ’]ﬂﬂj’] 85 1losiua

Tu%94 400 D9 800 W THWAT

k4 a

ard a d da A s R
‘V\I'S]N‘lﬂ\‘i“"lNﬂi’)@)ﬂﬂ“ﬂﬂﬂ!ﬂﬂﬂ?ﬂ@%ﬂ@“ﬂﬁuﬂ (Bi)

= A Y J .. 9 a J
(Xuetal.,2007) ﬁﬂ‘lel1ﬁ3J°]JGl‘1/lNll1/\|1/\hLm$ﬂ1 near band edge emission UDILET UAIALEIA

=<

P 9 a @ 9 = < % 1 9 [ 1
200 lya NI vd100zadNL @M FuduaNVIIAERNTZA LU Y NUAUFUAIAAINA1ILTA
a < 2 o o a < R A Yy 9 ad
WANI T UA15NIA AU (n-type semiconductor) HAIANUABIUUDININLDLANATOU
- 1 @ Aaad 4 =
152101 2.7 x 10" em” HALANUAADIAIVBININLDIANATOUUTZINY 1.5 e /Vs 11 D11f5 ool

] ] adg @ ' A J a J s '
mmmwmuuummwmzaLaﬂmauﬂlmmﬂmﬂan%uﬂmmmnﬁjuammﬂaaﬂ%ﬂm"lullﬁj

A 9 a v

U 1 1 @ ad { 4 a
RA9AIYUANN AIUATIAINATDIAIVDININE DL ﬂﬁiﬂu17]ﬁ@ﬂ@’lﬂlﬁ@ﬂﬂ’lﬂﬂ’liﬂigm\1"1]@\1

ad { a J o ' o
BlanasouNvounIUVeIFIneen loa luiduada A1 near band edge emission Iualnasuns

]
I A

[ 9 a s A 9 a ] [ @ v J o 9
L‘]JaQllﬁﬂﬂlﬂﬂlﬁuaﬂﬂ‘ﬁiﬂﬂi’)@ﬂll‘ﬁ)'ﬂ‘ﬂlﬁ]@ﬂﬁlﬂﬂg@]ﬂﬂﬂﬁiJVI"IJuTﬂigﬂ‘UHWTL! ’ﬂgﬁll‘wu‘ﬁﬂ‘]_lﬂTﬂUlﬂinﬂ

1" a J 4 [ 2 YA ] ad dﬂl
ummmaﬂ%mmuuﬂu cmmwaclﬁummmwmuuummwmz@mﬂmﬂugwu

a J

. =2 o [+ 4 = a o
(Jiang et al., 2009) ANHINAUDINNNAUVDILNADITNOU (Ar) Tumaaseudanu1esen

D.

d A a Jd a J S a ]
900 lod poauamalassada mauas uazma lihveslauunsdedoon lsanRemedain ¢
a ] { 1 a o 4
173 0A 2075 RF magnetron sputtering UULAWFIUUAD 917 target AWAUTE1HINFIA000 oA
J 3 o 3 @ v a o J . I o 1 o a A
(ZnO 97 o5 1Fua Tagiimin) nudainesn lae (Bi,0, 3 1Wloddud lasrmiin) nazuouiiaf

a I < 1 { o 4

gl 400 earamed Tugayinimiunal 4 ¥ 13 WINANNAUYDI015NOY (AD)

a d A 1 a d {
vz sl duu1aszune 2 thania (Pa) I auiifae o vealldvuanmnzay Taelinng
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v A =2 o A

a3 gananluszuy (002) MutuAuENAuaz s A naa U UM I aalszanu

Q

3 dy o Y 1 1 S I 4
1.89 x 10" Q-cm uaﬂmﬂut’Jﬂ‘ViﬂWmiﬁmmumammﬂizmm 85 1losua

ald a ¢ ¢ 4
v\laumwaﬂaan"lcmﬁg%‘aﬁmazmmmmmﬁﬂﬁu

v ar a 4 P
(Tsay etal., 2008) Aneanian1a Insaad e wazma lihwesilduunaganeon lsanie
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3 d A d
2.4 NGUHNUG VO UTAANTIDNAGHULTOEADTN-1OU (p-n junction) 1Az
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S08M013NIN15 (Hetero junction)
A Y d a d
auIANINMEMNLazIAIIa I 19VBABA AT IDINAE
4 a 4 4 a I
EFAaUaAI01INAd (Solar cell) HIvtaa 1N In 1180190 (Photovoltaic cell) 131
A a 4 ad a oA 9 R o o \ =< = [
F91lszAugNeBIaNNIONNANAS 19910 d 15098211 (semiconductor) FIeMITDIATUNGIU
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(3 ~

INMIANNIZNUVDILEIVUIAY5N9AINE 8N photovoltaic effect tagnszue lnfnla
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2 o o 2 1T a g 4 A o Yy 2 ¥ ax '
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oanoda m3 lravesnszua I luwaduasornad inavunnwad 185 unsdsnu Iaouan

A ad a 49! Y =] a F) [ o
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1. anMziA (Dark characteristic) A9 TUHNAIN U5 ond a1 TWapuns w1y
A 9 Y Y Aa 1 A 1 1A EY da! A A
Mouandu o 1 mnszquldinag vz iweed luanzaugasy linanszualwihau uadied
[ ] [= S ~1 dy a
mstlouusaau Iihnszuaasauun v (forward bias) 1A sosnef B utszRanszua Tilh
3 A a 3 . v o =1 ] I 1
yu nazua Wi nnevuluasnedni Iasead 1ein-ou weendlu 2 dsznn ldun
1.1 NF2UALNT (Diffusion cm*rent)ﬁf] MIAAOUNVOINIHET 19NN (Majority carrier)
1 < [ 1 1 [ 1
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(2-5)

1o mmmmﬂizﬂ‘l‘vﬁ’\h (Electronic charge = 1.602 x 10" coulomb)

[ @ ad
Ao ANUAADIAIVRINIHLDIANATOULAY 1]
F) Y
Ao anuuveauy Wi
A LY a q( ] Aaad
fio mMdulszaNTMIUNITVDIDIANATOULAY 1
o 1 Aaa
A9 IMUIUANUUUIUUVDIDIANATOULIAL 18

A0 2LNNMNLIATDUN

a J . A A A Y 9 . . .
1.2 nszuaas Wi (Drift current) 7D N15IADOUNVDININZ V191 Y (minority carrier)

Yy 1ad a Y ~ Y 3 9 1 a gy o 9
"lmm DINATOUDTTISNINATUN uaﬂaamﬂmumu EIJ"IiJﬁ’E)EJ@]’E)W-Lf]lm’w’f)”luméll@\‘]ﬁu”liluh\lw1

(electric field) THUSnMUaoaN1E (depletion region) AIETUNISN (2-6) L@ (2-7)

a o
gumsnsziaasNnveslaa
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= A

' ~ S o o -23
2 AR luaaasiul (Boltzmann’s constant = 1.380 x 10~ J/K)

? QmﬂﬂﬁﬁNUiifI (Temperature, K)

G U

A
f
A
f
A
f
A
f

1 ad
3] iz&lzmﬂmmwwmmaﬂm’i’ouuazTaa

(2-6)

(2-7)

o AAINve91l5zy 1Wih (Electronic charge = 1.602 x 10" coulomb)
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Y 1
Taetianudunus seranseua Ilihdevurazussdu Wi lusaluaamziia asaumsn (2-9)

4
I =1, e[%j -1 (2-9)

1 4 o o R
Tas  k Ao A1AaN Tuanwiuil (Boltzmann’s constant = 1.380 x 10~ J/K)
o A1AINU031 529 1931 (Electronic charge = 1.602 x 10" coulomb)
Ao Qmwgﬁﬁuyid (Temperature, K)
= ! 4 a .
N o muﬂm@mqmm (ideality factor)

A A A o v v A1 v A
9 I, ADAINITSHADNAIDUNAVNAIAITNNITN (2-10)

D.n? D,n?
l,=A Rl LT L (2-10)
LeNA I-hND

A 1 ad 2 AW A
Hag L, L, A9 FLYLNNMTUNTVDIBANATOUIAL 1aa FIUAAIaNNITh (2-11) e (2-12)

L, =D.7, (2-11)

L, =Dz, (2-12)
H ] " v ad [
Tagh n A9 ANUUUIUUYDINIHE AN 1FANIAUDIANATOU HIBITINI

ANVHU MU UUYDININZDUNI UFA (intrinsic concentration)

XA

A Ao AuNMINdAYRIFARILAIDINAY

LT, o 01guasnvzaIuion

1w A £ 1 Aag
ﬁi’] ﬂTﬁNﬂigﬁVI‘ﬁﬂ"IiLLWﬁ"Uﬂﬂf’JLaﬂ@iﬂullﬁgiﬁﬁ

De’ Dh

A ' A Y Yo
o mmwmuuummazmummagﬁmmmm
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2. @ANZAIN (Muminated characteristics) (NN NS I1UUAT HIoNA U TlwouiiaAn
v Y
MANIHIBINIALAWDUNATUTDI1 (Energy band gap, E) veensnednirluaiiatiu uaagn

A 9 Ia < Py dal [ zgzl.l ] ~ 1 A A da!
ganaunaznszquldoanasouasuaniuzaiulleglusundsnuiiganii uazimanineyu

= 1 ~

~ 1 dyd 1 a 9 1 ad { <
Fon71 Tea nalntiizond1 mamsad1e guie 01anasou-19a (Generate, G) Nyogaoii-oulu

a X A

H ity . < o Ya 3 A A
ﬁﬂT]gvlllﬁllﬂa (Non-equilibrium) Ltazlﬂuwaﬂﬂ‘ﬂE]!,aﬂm@mmﬂaamﬂmmu aguUnuuy

e

E
%

[ ' Y Y . H Y
a3 luau i @dnasewndounnngu P 1wy N uaz Taamasunansu N 15y ) vi

=

9 a J 1 A 49! 1 a d a @ g’; A 49!
Gl'ﬂﬂigllﬁﬂﬁ‘i/\l‘]/l?Jﬂ'lL‘WMﬂ]ui]'lﬂﬂWﬂii&’l,l,ﬁﬂiv‘l%muﬁ]'lﬂﬁﬂ'l’)&’ﬁﬂ ANUUNTSUTUNT WUV UL

a = (% a 4 1 a ds! Y3 1 A [ o o . =
NANNAINUNTZLAAT 1N Llagﬂ']f!'LlWi"l]gflﬂﬂsUu]lﬂﬂ@@l;u@wa\i\i']uﬂ'lu‘wqgﬂﬂ (energybamer) y

Y
1 3

] o 9y Aa [ % % 1 d' o 9 a d 1w o
Aanad M IMnanslsuszaunaanu e v nszuaas i UATEUEUNT AU UANAT
] % { [ Y Y] a 4 a o
duie (P) Nanad9nIN VL5 3a U AI993 (open circuit voltage, V,,.) YOI HAIDINAL 1AY
[ [ A g’; 1 1Y [ E-% Y 1 1Y [-%
FEAUNAINUHOI TVDINIADIATUITANAUNINY gV LAZTZAVVOLILA NAUNINY q(¥,-V,)
193109 2.5
A a =3 ] A Y g’, 1 A Yo [
HANNTADIANUHUUUUYDININENAUNITDIUDITOIADUULN 1AS VLA ZWUI
A ' Yo a Y] adg 2 ad Y Ak g
iesoeae las uaIznaNI a3 ugWMzdnaou-1aa YU Tagdianasou lugui Fuiluwme
Y L. . A 4 ] A = v . Vo
I NUDY (minority carriers) LAADUNLUVVLUNS Mo sial uszezLns (diffusion length, L) {10 U
' A A A a S Y 1 A T A g . . o Ya
L, NoUNIZATOUNUUVAT NN FUI DU T08ADN-DU (depletion region) 1117 BIANATOUYNNIA
a ' Y2 < o A d Y 2 2 &
areau llihmelunsnasessedgsuou uazitluwar i@ naseulusudugailummey
9 .. . o 2 = v ¥ Aa s ¥ A 1 A
F1911A (majority carriers) AT 180 AuiuIsnavedanasouluruiiazaee o anasile
Y] ' = ° A o = o A R =2 & 9 9
Indsovao tazlfsmasganuen a uaz luiuesdsdnude laa lugwou Fuilumvzdaios

A Ay v ¥ 1 ¥ ~ ¥ g 1 A 9 ' =)
maaummnﬂmmqmuw ﬂ?mmmaﬂaaiu%umuwﬂaﬂ 9 mmma%maam uaznﬂ?mm
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aganvon basgii 2.6
Y A X= o g 9a ¥ aa =
aemguannamniiveinldnanszua il (nszuaddnaseu uaznszueaTaa) Yu 1
J a Ja 1 a v o J 1
Taduaseriadnog luannzain aunsondanszud WA 14 Tasanuduiusseninnszue

9 v
HAZUSIAU IUEN1IZY AFUMSN (2.13)

qVv

I =1, e(ﬁj—l -1, (2-13)
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In(n), In(p)

~ ' 4 a o a3 A Yo
qﬁjﬂ‘ﬂ 2.6 ﬂﬁﬁ/\liﬁfﬁﬂ1§LLW§mﬂQW1W$ﬂ]@QLGUaaL!ﬁ\i@'ﬁﬂﬁﬂi@ﬂ@f]w-l;@uluf]llﬂiﬂllﬁ\i

uazamnszud Iihdesadns (1) Asaumsi (2-14)

I, =0AG(L, +W +L,) (2.14)
4 A 9 a A a 1 a2 d Y A
¥\)3] W Ao AUNINVIVTNUIALaeANIHENUTNUTBIADN-1OU UAIAITUNITN
(2-15)
o a a g 1w
G Ao @mmmﬂﬂﬁamﬂm@u—ha (generation rate of electron-hole pairs) LREE

aumsi (2-16)

4 X da 9 s A o
A A9 WHUNNINUIUDIUBAALULTIDINGY

(2-15)

1/2
W :{263 (N, + NDWO)}
dNANp
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G=-—v (2-16)

[

Taohl ¥,  flo mAnAFUAT (built-in potential)

€. 9 A1 permittivity YOIA15NIAN

1 a a g
Tg ﬁ’ﬂ ﬂTEﬂQ"’U’t’Nﬂﬁlﬂﬂﬂ@tﬁﬂ@i@ﬂiﬁﬁ
n. o intrinsic concentration

Y 9 ¥ Yo
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J a J
LEAARALENDINAY (Green, 1982)
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o a A v kY 4 a d Aa
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1 a o [ o 1 LY o 1 o
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Vo s % v o ' 1 ' s
1) wagalaauames (fll factor, FF) Fansmwlanuduwus synannseua i lvarusad
A o 9 A g s A oA 1 A
waaening uazussau IWihnlanensaesweusaduaionediie luliuasannsznuuaz Juaan
A @ 1 1 v A o A A a = 1 1
ATENUILIHMUBUN U UAYZANNUNAALEINegE ol uasannIznUIz S nanssuadedaing
A 2 Y a A~ I A o A1 d
(1) WY A9 2.7 Weliaspnnsznuiraatieseiag wagavoinseuduazussaula i uay
' o w o 1 a3 ¥ 1 4 a o w 1 %
waaanmad i @) luwadiailuau damuneanuiwrad ansanaaiiad liweddy
Tvianld
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ANITUAANI3 (L) WAUBYNUANNIT VLA HIBITENIINTZUAT 09I Hazlin1ned

) o ] A v ' & A S ' v
s uaanie 9 a1 iaounanda (photon flux) AT TUMSIN (2-17) LEAS I UAUNINY I

=1, =] Q(E)N(E)dE (2-17)
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a (2 =

Tash QE) Ao AYUTTANTAINAIOUAY quantum efficiency HEAIDIUTZANTAINVDINS
a o [ ad A a J
MATIIURNIHEBANAToU-1aa Weluaa TWaouannIENUAITAT

NE) ap mudnguesuaaIvaou

' 2 Vo 2 o o A A 2 A o q Y1 2
Iﬂﬁlﬂ'] VOC ﬂ%ﬂlu@gﬂ‘ﬂ Eg VDNAITNIAIUT ADIND Eg3J1ﬂsllu ﬂguwaﬂflﬁﬂﬁl VOC 1INV

a'lde

[ ) v o a2 . v 1
s Iiihidlaees Tanudusiusuuuaninsaons N (logarithm) NUAINTELE

TWihdan99s daaumsi (2-18)
|
V., —In(i +1j (2-18)

d‘ =) é = Y 1 =1 9, ]
LllE]lII’Viﬁﬂ FIUAITUATUNIU RLSJW]@L!,ﬁwJﬂTJLLﬁll‘V\IW1 I]lWﬁN1uﬂﬁ‘]J’Ni]i 737U

Fuwus szriianszua Wi 1uazusau il v szdludaaumsi -19)

\
IEfid 4 e(:‘%)+1 (2-19)

sSC

ar_ d d o J ' Y a
Woaulmae3 (Fill factor, FF) Aodas1dmszrninwagaueanssa v il uilasesias
nszue Irihdanssaedids Wihgega donagavesuseauiidasnihgega v, uaznszue

Ty ihgaga 1, niimsdelnaaa  nila Avaumsi 2-20)

FF=-"1T (2-20)

n= _ _oc sc (2_21)
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NQNIVGUU ) AUYU miaﬂmmmqﬁ"wmmﬁﬂﬁumq (Sundaram & Khan, (1997); Jiang et al.,
A 9y J J . . = =
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o A A =2 a Y
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FarozFianlalamsa
Zn(CH,CO0),2H,0 | 99.5% Ajax Finechem Pty Ltd
(Zinc Acetate Dihydrate)

onaulnanea
CH,OHCH,OH 99.5% Carlo Erba Reagent
(Ethylene Glycol)
TuTuem Tuaiiu
NH,C,H,OH 97.0% Ajax Finechem Pty Ltd
(Monoethanolamine)

dminluasamuaz lawse
Bi(NO,),"5H,0 98.0% Fluka Chemie GmbH

(Bismuth Nitrate Pentahydrate)

G a Jd Jd d' A . R .

N3N TIneen Iuamansiaa1naiside (intrinsic ZnO)

g’/ [ 4

TUABUMITTUATIZH AT (Synthesis)

~ ad %

1. iwsenasazateyetenan lnanea (Ethylene Glyeol, EG) nu T Turen Tu

a114 (Monoethanolamine, MEA) Tagnin MEA wiazangluenau'lnaea 197 14
Yy 9 -1 L4 Ay ) [

ANUTUTY 0.7 mol L (Tyand, M) AT mM3munsdamaniIn )
o a J a
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Ay Y 9 4 Yy 9 1w -1 Aax o
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[ = 9 T 9 a J a
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a

. A = [ £ Y ]
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1 92139
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LEANAHUN TNUDINTSUIUNS gﬂﬁ 3.1
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Y 9 I = Y o =

3. amzseliarsazatelude 2 maunauilunar 10 it Tdkmses suans
azareddainluasa muag laiasa [Bismuth nitrate pentahydrate (Bi(NO,),
sH,0)] Twenaulnaneald Idanududu 0.125 mol L' AT msmiuiads
MAHUIN )

4. Wasazanedaiinlwasa muag leiasa {Bismuth nitrate pentahydrate
(Bi(NO,), sH,0)} lwefiau'lnanea 1inde 3 @ulumsazatslude 2 Tu
a sl o a o {
Y3111 0.0 89 0.6 ozaow oiFUA (at.%) USuNaMIAN AIA15199 3.1
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(ATMIMUIUAINIANLIN ¥) nasantunuRaunal 1 % Tu
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1 a Y] { A 1 4 I [
M3an 3.2 Psnamsazanedmin luesen@uluSnaas o e 19t uansde de 1 Batch

a A

25 aaans (ﬁﬂWiﬁTuﬂﬂlﬁ/\‘]ﬂWﬂNu’Jﬂ )

ANUTUTUD AN (at.%) Wnasvesasazarodailuasaiidy mi)
0.0 0.0
0.05 0.07
0.1 0.14
0.2 0.280
0.4 0.562
0.6 0.844
1.0 1.414
1.2 1.700
2.0 2.857
4.0 5.833
6.0 8.936

U k4

a Aafd a d dd' Ay a A
3.2.2  nazvumsHaaanuanludanean laanmedstain a5
= : .
111189 (Spin Coating)
2 A A AN 2
VUAD UM oUW U119 TUFIR 00N Loye
o A ' . 3 o 'y A 1 Y o
1. e N IUMIUY (aging) Wrnan 131 wudldwalain luliazneu wawims
A 4 P A o Yy 9
NDOUAIVULHUTIFAI0AF (fused quartz) NTIANVATOIALAI AIWATZUIUMS
WIANNAL01A HATD 3.2.3 A1UNALANTZUIUMITATDUA T UNIGIAY
<3 = ~ 1 =~ a =
ANUITITOVVOINMTHY UM 500 ToUADUIN 1T UAT 5 TU1T tag 2500
1 =\ I a =}
5OUABUIA (pm) Wuna 20 I1H
v q Y A A Vo s Y ° ~ ~ 2
2. Wnliwanmasvuuuuidaeasusie uazai1 loun 100 e samee il
~ o 901 g’; ~ = o v ad d‘ 9 o g‘; d%l
(a1 30 1N (I NUTUADUN 1 D9 2 TSV UNADIMITIUIUFULINUL)
o a . = a =< a < o
3. Msteutia (annealing) Ngamad 200 14 700 BaFIEAFed 1T una1 2 32 Tug
9 o A Aaa ~ 1 A Y 9y
ABATIMINVRUHYNTN 1 osruzaiBodaowdl aree Wi luusseime
a Yy o a J 4 A [ @
Und vz landuunanTugedeen lsanu@on lua1e q AumEuMNAILUINMS

310 3.3
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asazanela

\ 4

AU IO U IBIT 0
ANI5I501 500 rpm

53179 auA0Y “

2500 rpm 20 U1

v

DULHIN 100°C

A 2
IRGRMEA

3‘,
1-5 39

I =1
Wunan 30 W

\ 4

toutaN 200 - 700°C
I )
Wuna 2 919

v

Wauundenoen leanilsian

A A 9 a 1y
A1TDUATIADAIYUTUN

{ a7 A 7
51U 3.3 wwunmmseseuilavuan Tugeneon lsaiils1e910a15:99 (undoped ZnO)

waziReaediain (Bi-doped ZnO)

& o 1] a d d Aaa
3.2.3 suummmimmmaxmmmugmﬂmmaﬂm uazyanou
ax o 1 a 4 o an .
<ﬁmm1mmazmmmug1uwaamam (fused quartz) 1A= FAADU (Si wafer) 11
=2 dy 9 [ . . .
MsAnuIY 1¥1Mann13ve Ratio Corporation of America (RCA) ((Vossen, 1978); (Kern, 1993)) Tag
1T a3 g‘/ @ dy
a1 2 Yuneu A9l
o ' ) 4 4 an y o w
1. RCA 1 ﬁamﬁn1mmazmmmugmﬂmmam HarFanou 1emIAans
o a 4 . 1 aa
ININDUNFE (organic) 2ONIINUNUTIUFANDU
o ] a 4 4 an 4 o
2. RCA2 ﬁemi‘mmmﬁ:mmmu;ﬂ;mv\hﬁmaw HaEFaAN0Y 1NDN1IA
lovouvosTans (metal ions) 0ONINUAUFIUTANOU

Fashanuazeiauugiuidnlend tazFanouaienann13ued RCA

= Yo =
ﬁnJ”IimGIJEJuLLWHﬂWWllﬂﬂQﬁJ‘VI 3.4

Y
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wHugUTAADU

(Si wafer)

NIANNEZRIA
FeMANNI7189 RCA

H,0, (30%) : NH; (28 — 30%) : DI water
amﬂmuiﬂﬂﬂ‘%mm

Iianudeoungumail 70°

I =
Wuna 10 wn

fﬂ\'iﬁTia“’ﬁWﬂﬂﬂﬂﬂWﬂLLNuﬁTﬂ“}iﬁﬂ@u Tag
GI,‘WL!"I DI MlW’ﬁWTLI L‘]J‘Ll!’m? 10 wIM

nhurugudaneuliua

mmmﬁ'luiﬁmumam

> RCA 2

H,0, (30%) : HCI (36.5 — 38%) : DI water
1 : 1 : 5
a5 Tael51as

'

Itawfeungumail 70°C

I =
Wuna 10 wn

ﬁNfﬂia“‘ﬁWﬂ@ﬂﬂﬂWﬂLLNu%’WH“ﬁﬁﬂ@u Tag
GI,‘WLH DI Ml‘ﬂ’ﬁW1L! !,‘]J“L!!’m"l 10 wIn

Yy 9
whurugusanoulvni
r'd

a

deuialulasaunigns

Y
QU

€an

= o v a J 4 aa
°]J°I/] 3.4 "ll‘LlGl@‘Lll,LﬁZﬂ‘ig’]J'J‘Llﬂ'l‘i‘l/nﬂ?1ﬂﬁ$@1ﬂl!ﬂﬂ§1ﬂﬂ3ﬁﬂ'}ﬂ@% Lassanay

M31eh 3.3 aadinlFlumsianuazoauruguihdalead (fused quartz) LazFanow

Y
B . L | dhwmiinTuana | A ey
Foa151all gasiall o UTHNANER
(g/mol) VIGND
4 4
leasornunloioonlya | H,0, 34.01 30% | Ajax Finechem Pty Ltd
o Tuiily NH, 17.03 30% | Panreac Ouimica S.A.U.
ninlansonaoin HCI 36.46 37% Merck KGaA
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a Y a d A a(d Aa d d
3.3 madanlylumsinszdianifvesilanuianiudnesn lua
A = b4
3.3.1  andAmanaiinazlnsaaig
MSIALNUUVRITITIOND (X-ray Diffraction, XRD)

A 2 o A ¢ & A dq o a @ Yy =
matamMs@euuuvessIdens Glumaianleslumsiniey Insaas MHanuea

o ' a A A A
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aaa ) TagldSsdendniianuennauduluszausiaason Tasssdainanzannsosiil
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[ ~ A v [

1 § o -4
531’[31\1@3@]@%%9\1’&1‘@%E]ﬂclfﬂﬂullag%uﬂUﬁguwum@ﬂiﬂiﬂﬁ%}'mﬂaﬂﬁa'lﬂ q ITUIU Lﬁ@ﬁ\?%!@ﬂ"ﬁ
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' a @ (=) 4 a 2 @ A A & J
V!Q%HW’J"U’OQ’JETE] 5\‘]ﬁl’0ﬂclﬁ]$l,ﬂﬂﬂ'limfJ’JL‘]Ju’BuLuENIﬂJ'HﬂﬂfJgGI’OlJ‘V]Lﬂuﬁ]ﬂﬂﬂi%ﬂﬁ]ﬂﬂﬁ]iu
= t v Jou 1 ¥ = A T w o q ¥
WaN mimmmummsamaﬂ%ﬂaﬂamnmzmmmamau“luimqﬁﬁNwaﬂmgmmmu ’1]3‘1/]111’1
a g . . [ o’dal = tél o 1
mﬂgﬂtmumm 8V (diffraction pattern) UDITITLDNFUU mg‘ﬂu‘uumﬁm YAVYUAINATIRSUDN
= A o v A g = 9 2K = @ ~ 1 [
NNITFUNITDNITNIENVOIIIFIDNEAD IS UIUNAN mﬁzmmmwam’:tmm“luummmnmmu
dy v 4] 1 (%

E]’f)f‘l"l‘ﬂ MIDYAVUUDITIFDNYNICUANA NN U

v a

9 Ay v N o AN Y a Y] =
aU’f)lJ"ﬁ'Vlulﬂ%”Iﬂﬂ”lﬁ')mﬁ’]%ﬁ')ﬁﬂﬂ')ﬂlﬂﬂuﬂ XRD‘JJhlﬂWaWJGD"Hﬂ ulﬂllﬂ VYUIPNAD

Q

[ 1 a 14
FLULHNTENINITLUI (d-spacing) V94 IATIE3 19HAN W50 10035 1ATINAR (Lattice Parameter) M3
v A =3 ~ . a1 J 9 A 1 a s Y
VAT IVOINAN LAZAINIAT U9 (strain) TUNGULU Taedoyafina 1Iud w50 ATIZH 18910
AUrUaz 3131909 A auMIN 3-1 HEAIANMIINIATUIUTLISHNIZHINIZU (d-spacing)

YOINANAWNYVDIILTN (Bragg’s Law)

. nA
2dsind=nl vise d=— (3-1)
2sin @
Taw A0 T2ILHNTLHINITLUIUND
A ,39} [ Y= J
0 9 YUIDOAVUVDITITIONS
A o w ~
n A0 SR LVDINA
4 [ 4 o
A A9 ANMVEIAAUVDISITIONS (1.54059 A)
{ o a J .
AUMIN 3-2 LAAIAUNITAMIAUIUNITINNDS IATIHAN (Lattice Parameter)
1
dy = (3-2)

JA(h? +K? +hk) /382 + (1 / c?)
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v 9
Tag  hk,l 8 AUNUIVDINANNUNUVDINANUY )

A
f
A
f

a 4 =2
a, c 9 W151WA05 IATINEan

a Jd a 4 a ]
TunsaimsAnulanuie THuAn1334A512Y Brage-Brentano UULANYE 13

= o A ' A A ' Aq Y
mex’e’fﬂuﬂ1iﬁﬂm?§]ﬂ1ﬂﬂiaiﬂﬂmwwg1J'§NGU€NWﬂ Lu@\iﬂqﬂwaﬂlﬂ\?!iwu;ﬁaﬁl‘um1%1Uﬂ1ﬁﬂgﬂ
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W
W

J o (% . . ° o & { [ a
au g Idanuduvesdyaa (ntensity) 41091 daiu Tnuadlianumngaunuiaasiia
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81174 A0 Glancing Angle X-Ray Diffraction (GAXRD) Taslryuvesisdiondannsznuiiyy

9y ' Y v 2 [ 4 = a o
DY ] aANAUDILINUHY T Llﬁgvlﬂﬁiymu'lmﬂ'ﬁlﬁEJ'JL'LIHGU'ENiQﬁlﬂﬂ“ﬁﬂ’lﬂﬂﬁﬂﬂ]ﬁ]\‘l‘ﬁlﬁﬂﬂ’l\?
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Hanunhangalagasvziinnuduvesdyanuge naiinfe tazuay FRANLALIZHIED
9 =] = A = v A a = 1 ~ a o ~
Tassasunandunuurdnfeiazinstated ) lunanufen uansgiveslauus finee
v =< 1 o @ ~ X A = o P P
0113 Tagwond s me udlauuaiingu (grain) H3OHANTIVIUNIN INAUNTUDUTO IO
(Scherrer’s equation) @159 3-3 ((Scherrer, 1918); (B.D. Cullity, 1978)) @14150A1UIUUIAVD

wanla

S V'Kkd
Bcosg,

(3-3)

Tag A0 UUIAVDINAN

1
J =3

9 AAIN 111N 0.9

jmJ))3

19 YUUDI Bragg

A A v A J 1w
A9 ANUYNIAAUVDITITBNFNINY 1.54059 A

w e D o

A Yy oS4 & & =
A9 AUNINNATINUIVDIANTNGIVDINA (FWHM)
a Iy o 9 @ y 9 =2 =
MIAATIEH N ANV Y XRD ENﬁnJ'liﬂsl"]fGUﬂyﬁiuﬂ?ﬁﬁﬂﬂ'lﬂ')'mlﬂiﬂﬂﬂlﬂﬁ
a d a J J ' a J
Waupau Tugadesn lsAnuuUAUTVBINE A (strain along c-axis) NAINTININDT 1ATIHAD

9
(lattice parameter) Tag1¥aum3umsAuI (Ghosh et al., 2004) A

c—¢,

Ep = %100 (3-4)
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a
Tas ¢ A9 ANUATEAVINAUMNLUIAUE
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1 a

A 4 2K A . a J J
o mWﬁ”IiJLGI@iIﬂNWﬁﬂ“ﬁ (c-lattice parameter) Gllmcmﬂ’e)’e]ﬂll“]fﬂ

1A = .
luiianuasen (unstrained)

1 a

A
N
A 4 2K A . ad

o ﬂiWﬁ”liJWl@iIﬂNWﬁﬂ“b’ (c-lattice parameter) GUEN“NmJ‘UN

a 4 4
FIR0ON Lya

~ a d a 7 4 I 9 g’/ 1 1A 9
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I 1 d . . 9 Y Y I 1
Aun vaaInWduiiaNuAs oAU (Tensile strain) 11N19039911 S1a19 183 vay uaaad
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nszualunuvaugue (uniformity) uazwwmmum“lﬂmﬂmﬂu u@nmnumma%mzmu
2 o Y

ANUUUAAUANUINVUDNA Y

]
a

@ I v o
3. guugdn g lunszuumsana widludidmuanazaruguamaveanes

2 g o Y 3 ~ A Aa 2 Y
Vlai@ﬁlﬁ]u G]f\nﬂuWaTI'lgl,ﬂﬁ"ljJ'liﬂﬂ'quﬂeUu'l@eU'ﬁ]{lWﬁzuﬂﬂlﬂﬂﬂluvlﬂ

o ~ 4 9 %’ o
Tagvimsean Tnunadeu laason lya (KOH) $p8az 2.9 1agii1miin uaz loTa
a 4 9 %’ ] %’ 9
Insnaueanagea (IPA) 308as 10 1ag1 1IN Twinlsenlessu (DI water) 3080 87.1 Tag

¥ o 9 < dy = o @ = .. .
min TiwaudluiioMedny durunm 319 5.2 (Kittisak Amonsurintawong, 2010)

~ ~ ¥
Twunasoylaasonloa lola Insaoanoaod 1151e1910 levou
v y v,
2.9% lagiiniin 10 % lagiiniin 87.1% lagiiviin
\ 4
a158za19 KOH + IPA Tyl <

A 4

4

ANATANOUUNUF U

3N 5.2 NILUIUMIHANAIWEN KOH + IPA
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' aa Aaf g
msanaudugiuganounuuteu lo e Insiln daoasweay KOH +IPA Tuiin
[ g’/ o ¥
Unen leoou Taatniuily 2 Tunouaail
. . . . = °o_w =2 4 . .
1. Hydrofluoric acid dipped (HF dip) A9N15N19A 4UN Woanlyd (native oxide) 801
VINUAUTIUFAADUADUYINTAAAIWA1TAZA18 KOH 1Ay IPA (MAIIARIUATEUIUNT RCA
a S 3 o
clean) {(Kemn, 1993), (Vossen, 1978)} Iagl¥esazatonsalalasvigoosn (HF) s nlesisua (%)
2. myanauduguganeunuuteule Ts Tnsiln A1ee5aza1e KOH + IPA #

a = < ~
PUNNY 60 DIFUFALT Y Ay 40 UM

d' dd’ Y v Aa = 1 an
ATTNN 5.1 Llﬁﬂﬁﬁ"lilﬂllﬂi%iuﬂﬁﬁ'ﬂ@[ﬂ’mﬁﬂLLNuﬁWH%ﬁﬂ@u

Do,

Foe3nl gasall | @ge | ANNUIGND UHngHan
. Singma-Aldrich Chemie
Tnunaleasonlas KOH - 30%
GmbH
loTeInsaueanesed | CHO | IPA 30% Merck KGaA

3778

1n3UN 5.3 nunmsaneganeuurug U eduRauLaziton luawna 14
] A o a Y < = a a A A I v o Ao
uruglanyagi N uisgiauuurel Ty nsansangaulumsdunuanuaaluanuise

2 @ A = o a 4 (R < o 1A o a J J
U Wﬁﬁmﬂmﬁﬂ‘ﬂwﬁ?J’]JNHWIuG]f\‘iﬂi’Jf’Jﬂ]l‘ﬂfﬂ LL@'I’E)fJNllﬁf‘I@ﬂiJﬂﬂ’UWU’NwaNUTQMTIM“BQﬂ@@ﬂUl“D’ﬂ

'
A v a Y

a 9 A A aa 1 I ~ a a A A
INATDYULANT I LUBDINADVUUBANDULNUITUNY ez uiselauuuted 1o Insdan

a

9 d’ v Av « ) . [ d‘ = d‘
ﬁsnmm@u”lsummum%ﬂ (Kittisak Amonsurintawong, 2010) YVNE‘}JVI 5.4 Tﬂﬂmau%mmqmwm

QU

taznan lumsananaany
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= Y v . A A A v a g
§1J‘VI 5.3 mwi]aimamnmuuu (top view) UDANTEUANKHIUNMTNANINWWATAZANY

KOH +IPA lurinlseminloeou (DI water) Ngmitig)

U

=
£I87 40 UN

a

U 60 DIFUHAL

Foa 5
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d'l v A

A Y v . A a )
31U 5.4 mmgalaseaeduY (top view) vadfisziiaiumsanaiideasazaty
3 § a
KOH + 1PA Tutin)s1a1n loeeu (DI water) Ngaivigil 80 osruaaiiod

I
Funarso i (Kittisak Amonsurintawong, 2010)

A 9 Y ad a P A ~ A A v A
gﬂ‘ﬂ 5.5 ﬂ'lWi}aTﬂiﬂﬁi'Nﬂ'IL!‘]JU"U'E]\W‘IaNUTﬁu'lTu%ﬂﬂ@@ﬂulmﬂﬂlﬂa@ﬂﬂuWiZNﬂ%ﬁﬂﬂ%

a = 3 =
PUNNN 80 DIATALT YT e 50 U
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a :‘J A a
53 NIZTUIUMIHAATY n-type Si AINITZUIUMIUNIFHEI5IDONIENNATA
Spin-on-doping (SOD)
Tufhmiugaamnisumananessam wimsumimsReuuuruganouliinasoons

< A , . . ¥ A
1D U (p-n junction) TaalHNATIANITUNT AI8AIUT OU (Thermal Diffusion) 910151309 9111

<3 24 A A = o a J s A a o A
VDALV ASUN T “lummﬁzmﬂmmzﬁu LmLummﬂwaum@uﬂu%mam'l%@m%au quNN

v
o

t:l Aav o I 9 9 (=} Lﬂl = [ E’;’/ é v o
mingaungavesmsite 63annuaumu i iisawedieonSsuieunuyuaisnedniy
a <3 a a S = 1 9 FY 1 = [ c’:‘/
¥Had Y (n) TFanaisd Feainnuarumu Iihuuunsuilszana 50 89100 Q/sqr aariuly
a a 4 e a { 1 [ 1 a Aaa
Ieninui i lFmatinansmaouasazagan g UNa N NIEHINMATZIN a0 INFAINA
a 4 Aa o d < aa a3 1
uaznsaveanesn (0,0, e ldinallavvesdwazvoaedana (PSG) Tluunasesdoves
o 1R aa 1 a A . ] 1 ag
azaouvloaosa ) lumsunidulusdaounrugusiiai (p-Si) tazneauilusosaoioulu

A
nga

(9} 4 d' = ad aa
531  msdeanzrimsezaeamssailanyloanlodamn (PSG) (Y. Tang et al., 2012)
[ [ a aa ] g
1. $38UANTALAINNTIUNAUTZHIN I9ATLI0N A0 INTFaNA @10 111519910
] a 4 I 1 ] ]
Tooou do PNALDANDFDE 1UOAIIAIU 10 @10 20 10 3 1Ae1f3110T LAz
Y T v
ATTABNINUARIINT 0INIUHAUNY U 70 DIFNITAITYA
2. wuasazarenialeaosn (phosphoric acid, H,PO,) 1914w 0.1 molL aglu
msazaedo 1 vaisunalfnse lalas lage (aydrolysis) Ngawigii 70
~ Y o 1 a an 1 a
asaled laslionsalunaszienaoe Ingama ao nsaleavloin Iae
1w ] < g ]
US11039100 6 : 1 Wi punuRaNaoiluna 1 ¥ Tug mivilass1iars
3 A Ay 3 A A ya d A
azamwdunguvgiveuilunal 30 i meldmaiuwanieasazaiy

Woanexamna
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a Aana %’ a 4
PAsZIoNa00 INTamna + uiﬂi"lﬁéﬂ"lﬂlli’)@ﬂu +1BNALUDANDIDA

< nsaneanosn
\ 4

NIUNANNYUNYN

70°C 1lunan 1 %279

\ 4

Unesazaegungio
<3| =2
a1 30 wn

\ 4
GREGHGEE]

amsuveanosamna

1 Y
gﬂﬁ 5.6 LHUMNLERI U UAo UM ST sNa1sazanewoaadamna



A = ' = (% J an a aa
M3197 5.2 TwazRead IUNENVeIE sl lumMsduaeiasazateoanosamna (ﬂ%ﬂﬂﬂ! Batch 17.33 4aaaas)

1914 10 aaans

Yy ¥ A g9
. ANUVUVUITUAY Yy v Ay 1337
REIGH Yy o 2 ANMVUVUN % o
@ENUAVIUNVIAET) (Haaang)
MATZIONA0D INTFALNA
99.0% 99.0% 5.00
(Tetraethyl orthosilicate : TEOS)
Y
1l51e91n leoou
100.0% 100.0% 10.00
(Deionized water)
a 4
oNaloanoana
99.9% 99.9% 1.50
(ethyl alcohol)
- 85.0% 0.1 mol/L
nsaneanesn _
(phosphoric acid) hnsaleanesnanvIns1uIY 0.66 ml azateluii udqilsu 0.83

€01
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& an ' .
MISIAIYNTANDUUNUFIY (Si wafer)
o 9 ] aa a A . A 9 9
1L MIANUHUFUTaneUsHAN p-type Si wafer (100) NHAAMUA L INHH
1-4 Q-om HULVARIMIN AI0n32UIUMST RCAT 1AZ 2 MWEIAY
2. 1199 native Si0, DUAILHUFIUTAADUA A TazaenIa 8 Tasiigeesn (HF)

I
AT uTY 5% Elunan s un

a(d an
maeseutlannaeanledamna
o A a ad aa 9 ~ 9 3 J
1. MmsmasuidNaueaosananesavIed AeANI3I501 3000 59UND
I ] aa I o
W 31081 30 1N VUURUSIUFAADUNAIUMITIANNEZDIA

a

2.11M150 (prebaking) TueouNgunnil 200 sruaFea neldusserna
a d
Und Wunat 20 wn
3. 1MW A151999287 2105 01 (Thermal Diffusion) 11t MG MM T g aLLY
1 9 @ (94
18 (Tube Furnace) lun33e1net i Iasinu @2eea31m1s tva (flow rate) voaund
1uTa5191100 scem (standard cubic centimeters per minute) 1§ MM 900 AT

~ < ~
s Ques e L“]J‘LJL’JQW 60 UIN

YUADUNINANTY n-type Si
o ¥ oA Aaa 1 a 3
1anasudlduoaredama Tasusluasazarelalasyeosn (HF) 15%iu
a ES Y . . 1 I
nat 20 3117 niuliinls e leesu (deionized water) Trar i una
=
LU
[ Y 1 d' 9 [ = a
2 urareg 1 uaisazareiiszneudlensagaisn (H,80 maznsa luasn
@ 1 1 3 A A a 4 Aa g
(HNO,) Tugasiau 1 ao 1 ilunan 10 WA oo las TuseunaINIy
3 ] I
Thinlswenlesou lvanudluna 1 i
' a I a 4 v a d
3.0 lumsazane lalasyfees nidudu 15% Wunat 20 i meananlauTuTs
aa ~ a o g’/ Y %,’ [ I =
Famangnoond ladoniuliiiseenleeou lvaruiunar 1 wii nez

ahldudsdoudalulasou
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HF 15%

For 20 seconds

v

DI water rinse

For 1 min

v

1H.HO. : 1HNO,

For 10 min

v

DI water rinse

For 1 min

v

HF 15 %

For 20 seconds

v

DI water rinse

For 1 min

A g o & e ana @
Eﬂﬂ 5.7 LHUMNLEasT UaouNsanasuldueanosananaInseIUMS SOD

v &’ YA % Y| v
5.4 mnmiwugmmimﬂ1mmmumu"lﬂ%|mummu

M3 aanua U I muuEY (sheet resistivity, p, ) V099 a151982111 91N I5H7

=<

< I An A 1o & g’; [ [ v W 1 <
TW5 4 193 (4-point probe) F 4 u35 7 Ml udesadr9r Inih uaendeseeduiase nitady
a o % @ o a Jd % [l 1 % 4 [ @ 4 1
Tanznaasridgasnednimseflauated uaonuns oaliotaussau il wazinseeine
nazua Wlilase uansasgiin .8

P g Y o Yy & o 3 A
Qﬂﬂ‘iﬂiﬂi%iﬂﬂﬁ’)%!ﬁ%ﬂ@ﬁﬂﬂ ﬂi%ﬂ@ﬂﬂ?ﬂlﬂjhiﬁﬁ$%1uﬂu 419 nﬂmmmammgmi}

Y
SR a2

= ' o Y < v o v a Yy 9 = =
llﬁ“]riQ‘B’JEI‘VIﬂ“lriﬂﬁWEJ"UfNLGUIIQﬂﬂﬂl!ﬁ$ﬁ?lﬂiﬂ’dllwﬁﬂﬂigu1ﬂw’3ﬂu1ﬂ111‘1/] ANUUDIBUT1TNY
v o 9 < v A a g A (] v 3 1 o R a oA
mm"lmﬂuamqmmnm 400 A B,Cllag Dﬁ)gﬂ%‘iﬂulﬂui%ﬂg SN NU G]NGI,Ll‘VIN‘ﬂ;]‘UG]
o a = o A ' = o Y 2
N9 l’lfﬂ ZUNIINI 0.5 D3 1 WU, ﬂﬁllﬁﬂﬁﬁlugﬂ‘ﬂ 5.8 Lmzﬁ)gcluuuaizummmﬂuiummmwn

' { i< < o g
nnmsdasenszud ihasidhnduduuenga Aodiu A wag D 1A Tnszua lnaninaa A
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] zg R o o v I KX a A [y 1 j’ o d‘g’/ )
mutuamimmuﬂﬂﬂﬂwu D 9naNUIIAUANATONUBFITUAZYNINDDNNINUI B Lag C U1

MnTEEnIn 1 uazusay v 13 ldandnnanarannwag i Tl

ml3q
/

S | dulanz (Tnsu)

a3nann

{ v 1 <
51U 5.8 mydaaarmaum nihd2e3% Tns 4 154 (4-point probe)

o A

[ ' 9 '
t’hﬁ‘iﬂﬂTﬁ’JﬂLlWHﬁﬁﬁﬂ@ﬂﬁWWﬁﬂ’ﬂllll'Niﬂﬂ 9 Wuﬂ1i’3ﬂ°]ﬁuﬂ1\‘1‘]ﬂlﬁ]ﬂﬁ1iﬁ\1¢]’)u1ﬂQﬂ
"9 A 1 [ d' ddy g’; a9 [
HNIAWITADNATDUULNUITU miugﬂ‘n 5.9 Gl,uﬂimu ANVUUIVOIBUTT (XJ) UATUDININ
v 1 < A o ¥ v 1 9 9 1 4
JSYSHNITNININUY YT X; <<sfNUU ﬂgﬁﬁﬂiﬂ’lﬂﬂW]’NNGHH‘VHHIIV\IWWLLUULLWH (pS ) 1ﬂﬂ1ﬂ

AuMsN (5-2) (Schroder, 1990)

P = 4.532\T/ Q/sqr (5-2)
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2 A 1y A a d
FUNANNYNLUNTAIYTITIDTUALDY

HHUGIUT AN
(p-Si)

i X << S

300 Tuaseu

A o 9 A g . X s a
gﬂﬂ 5.9 ﬂ'lWG]ﬂﬂJ'J'NﬂJ@QIﬂﬁﬂﬁﬁNﬁﬂﬂﬁ?J‘W-L’E]u (p-nJunctlon) UBDNLEAALLAIDIN Y
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o 1 v v ' o .
5.5 Wﬁﬂ]i')ﬂﬂ1ﬂ')]3~lﬂ1ﬂﬂ1ﬂl’lw‘I/‘h!!‘iJ‘lJ!!NusUf’)ﬂaﬂu n-type Si

A '\ AQYY A 9 T Aag '3 A A A
Lu@\iﬂ'lﬂﬂ'l‘ﬂalslfﬂ']\iﬂ\‘] (Yao, 2005) GlUﬂ']ﬁﬁﬁ']\ﬁ@fJﬂ@WL@umﬂﬂ!“ﬁaauﬁqa']ﬂﬂﬂ ADUA

Y 9 v ¥ =Y o v ] A g A
mmmumu'lwwwﬂﬁxmm 100 Q/sqr. AU UINABDIIAAITNUATUNTIUVDIBY n-Si NTITWNUUIN

Y ax < .
NSTUIUMS SOD AT INTU 4 1V (For point probe)

a 1

= ) I 2 LAy A !
AT NN 5.3 ﬂ']'liJﬂ'll!“Vl'll!ll‘V‘l‘V‘l'lﬂﬂwuﬂ VYU n-Si NATNNYUUJUMTUNITAN €

U

9ATIAIUVBIAITAZAY

mAIZENA00 INTFaneg : nsaoanesn

aanua Iy I (Q/sqr)

gungN lumsuns (eermisase)

800 900 1000
4:1 465.75 288.00 128.50
6:1 - 345.27 -

a d Aa _d
5.6  MskansaanaseinduuusesnaanmlsIuinseas1e Ag-Al grid/

ZnO:Bi/n-type Si:p-type mono-Si/Al

ad = d A do v 1 14
5.6.1 ]ﬁf’ﬂ5miﬂul“ﬁﬁﬁ!!ﬁ&ﬂ1ﬂﬂﬂﬂ3ﬁ]ﬂ]»‘il!‘]J‘lJﬁf’)ﬂﬂi’)lﬁlﬂmiﬁﬁluiﬂﬁﬂﬁﬂﬂ

Ag-Al grid/ZnO:Bi/n-type Si:p-type mono-Si/Al

1.

9
HaAYU n-Si ﬁ}’JE’J’J?ﬁ SOD ﬁiuﬂigﬂjuﬂﬂﬁ’lsﬁl’ﬂ 5.3 lugasdiIuveuanse

1phaoo Ingana ao nsaeaioin (TEOS : HPO,) 11111 6:1 ua211n15

=

unsasooaneSadngnandanoua 181145 01 (Thermal Diffusion) 1

U

a = 3 =
UNHN 900 A WLALTYE L‘IJUL’JﬁT 60 UIN
A A < A A Y a o -4
Lﬂa@‘Uﬁﬁﬁ%ﬁ”lﬂ“]f\iﬂ@?Jﬂhl‘ﬂfﬂ‘mi]’ﬂﬂ’lﬂﬂﬁiJ‘VIiEiﬂm 0.2 9gAU Lﬂﬂi!ﬁb’ug}
d‘ [ 7Y ax o g’/ a d' a
(at.%) ﬂﬁﬁlﬂi?%ﬁﬂ’)ﬂ’)‘ﬁi"]jﬁ-mﬁ VTUIU 5 FU UASUDUUANGUNHY 600
= 3 o
NGBS L‘IJ‘L!L’mT 2 G])"JIIN

o y ¥ 9 A~ ) o sy A a
VITﬂTEﬁﬁTQﬂlfJ]‘lV\IWTIaWSGSQ11!1! YUATUN IV AR IUNAUANITIANTU

Yy A a

A7A018 (screen printing) A28 Al-paste 1a 10U 1R uH a1l 100 097N

q U

Y v

= < 2
yauded 1 v 15 WA LaLWIREIn (firing) m"lvd%(hmuwamqqu

Z)

578
= < =

parnsased 1Wunal 20 UM

o 9 g’z 9| 1 a a A Y as ~

1/1wmiﬁiwm'lwwﬂamwamzmnmmmngmufm AYIDNMTIANITU

4 A a
279010 728 Ag-Al paste A TUUUVDUAA 1A 00 HLE SN 100 DN
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Y A

= 3 =} g}l o = g}l 9 Y Aa
wadod Wunat 15 wi nuuiimswriing? Tihd i ngung i
s I =\
500 DIAIFAEF e 1WA 15 WIN
o [ Aa A (% <3 4 a L4
5. mstadszansmwmsudandsnuuasdu i veasaduasonnagd

=<

4 ° [ a . % o [
ﬁ’wm’%mmamwa ANUUAIDINAEY (Solar Simulator) Faaeaalaniy

AM 1.5
Silver-Aluminum plaste
[N LN (N n-Si
ZnO:Bi /
p-Si
(n)
Al
(V)

A o J A oA Y 49! aw (5 9
g'ﬂ‘ﬂ 5.10 anvazFaaLaIoIMAgNa3 191 luaIuI n) ANAAVINNVD IATIAS 1909
4 a d o 1 ~ o [ a A 14 a s Y ~ 9
FAALEIDINAIADE19NITINMTIAYUsEaNTN N V) (FAALLFAIDINAYAULDUNT I

ds! dl g a a
vuieIalszansnn
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562 wamsamuszaniammsudaandanuveuraduaserfinduuusese
wnmlslulaseadig Ag-Al grid/ZnO:Bi/n-type Si:p-type mono-Si/Al

a a 4 e A o a a o I o
TuInentinus i 1anneilssans mmmsuandanunaa it undaan
4 a 4 4 o {
IWfhveuraduaso1Naddunuuae1A3 89 WACOM Electric Super Solar Simulator 931/ 5.11 9
TeouEImlansy AM 1.5 TAnuunaunasgIu minu 1 kW-m’ vesaaiuianuma Tulad

o a Jd o w o a 14 =l 1 A A = 3 Y

NasULEINAd dninnunaInemanasiiazma I ladunena meaniaeiluly 18 u

matlszynals

{ 4 [ a a s a J
JU7 5.1 1ATeviRlsz@nTmmaaduae19ing (WACOM Electric Super Solar Simulator)
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a 4 [ ~ Y o a J S
INNITUATICHTHANTITNADDIAIUNN 4 'lﬂwaummﬂumﬂaaﬂ”lcmmwmzﬁu
A Aaw =R Y A a d @ 1 Ao a J S A Y a o
NFAVNNITIVY m"lmaaﬂWmeamﬂma (waummﬂumﬂaaﬂ"lcmm%emwﬁwﬂ?mm 0.2

a

J 3 J A a o ? ] A A = y I
9znoN 1aSIFUA INADVAITIUIY 5 ¥U HIUMIHEULANYUNYI 600 DIFEAIFHA) Wa3 1T Y
4 a 4 1 . . . .
wraauaanaduuusosnoanmlslulasaai1e Ag-Al grid/ZnO:Bin-type Si:p-type mono-Si/Al
4 o A A 1 I o I 4 a 4
auuuuiedadszdniamuazanuinnsiulumsszgna lfiuwsaduaseriad niow
= v a d a 4 & A A a a c’.dyd I =
Wieuieunuiauuran Tugeneon ladiaeou lvdu q uagiInerinus H3uiunsaawim
] s a & a Y A A < A A Y a o R & o
wuIMeaiaaaeiadriaenm Isaleauuian Ilugenesn lsan@ealedain ¥ailvuewad
9 A o @ I J A Jdaa 2 49! 1
auuuuiverh liwanndlumeduaserinentinunmgeusae i
{ o -] 4 o [l
5UN 5.2 naasanuduiusve s eau Il (Muazanuruiuves
s a {aa @ a ¢ o A '
aszua i ) veswaduasoiaddunuuniid v Tugedoon lad@on luae o 91nms
a 7 A A s A o sAq Y wa A A av q 9
Wnsgrnu Soulvvesilduunanlugenosn laan I auianmnzaun gavosnsiseln
a a o < [ { J 4
dszanimumsudasnasauuauiunasauldihldunige Ao 2.51 oS idud (%) uaz
~ o @ A gAY 1as o A s 73 JA A g .
wWisufeunuaduaseniagn lidauuieun Tugnesn lud (1.43 WosiFud) e sy n-Si
#2835 SOD TaenuAUEATIA UV InATZIONAD0 INTana Ao nsavloassn (TEOS : H,PO,)
1T @ [ d‘ " A d a 4 o’d‘ a o A
ALY 6:1 A9A15199 5.3 WuTauw I Tuganean lea NMuLauINNISIVBAINITDLNY
a a % A a o I~ o a J P o
Yszansamlinuwad Id uaileannauide IdiduinanTugdedoen ledniinnuima i
{ o 1 [ 3’/ 1] a o a J o ) { 1
163 hidne antuasinmsdiulgailauuanlugedeen laa 140 mai IWihnayuluewnn
= 1 Y 4 a d Y Y a A dlddy 9 dycu U [ 1
Fevzdana iraaua0Inda uuun1i sz an T nMNavua e HoNNNUEINUINAIINUNY
T Aag . . 1 @ A 9 = o Y ] @ 1 Y
F1U508A0 DU (pn junction) W1un1TUST VU eu lumsad 19 Ve I udugudana 1 1n

a a A L%I I A~ 4
seansamnuyudlu 6.34 nlossua
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35
—a— (.05 at.%Bi
—e— 0.1 at.%Bi
30 7 —a— 0.2 at.%Bi
—ke— 0.4 at.%Bi
0/ R /n 6.34% —o— 0.6 at.%Bi
25 0.2 at.%Bi pn@ o 10atu%Bi

——p/n @ 1.43%
——p/n @ 6.34%

E’ *****
< S5
= 15 - P @ 1.43% e
**
A
10_ = v\ X
A X
\
A
5_ AN R
l\. ™
\.§.\7 A )\
H — -
0 L R S e — N R T 1

— ) .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Voltage (V)

;sﬂﬁ 5.2 AnuANWUS sz ans ey i V) vazanuvuy i )] NG 0]

e agauLU TATI83 19 Ag-Al grid/ZnO:Bi/-type Si:p-type mono-Si/Al

Aa Aa 1% I
Ta8 ph @ 1.43% uas ph @ 6.34% Aodszaninmnsutasnasauuaaiu
9 Yy ad A d L o .
IWfhweosTassas 9o ues sudy n-Si #A28n32UIUMT SOD TAsAILANDATIAIUVDUANTE

teNave Ingaina e nsaneanesn (TEOS : H,PO,) A1 6:1 L1z 4:1 NUAIAY
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A = a A 4 a J9Y A 1
ATTNN 5.4 L‘IE‘EJ‘]J!.‘V]fJ‘]J‘]Jﬁ%ﬁT]‘ﬁﬂWW"’UE)\‘IL“]f@@LL?NEJ'WI@]ﬂ@]utlﬂﬂlﬁ@ullsllgnﬂ 9

Iﬂﬁ\?ﬁ%ﬁ\‘]‘“@%“ﬁﬁﬁ‘ﬁlﬁ\?@”lﬁﬂg
Ag-Al grid/ZnO:Bi/n-type Si:p-type mono-Si/Al Useansam
RouluildmnaunTudroon ledimearedaimFuaema (%)
(at.% Bi1)
0.05 (6:1) 0.58
0.10 (6:1) 0.39
0.20 (6:1) 2.51
0.40 (6:1) 0.29
0.60 (6:1) 0.33
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Pattern: PDF 36-1451 Radiation: 1.54060 Quality: Star (*)

Formula Zn 0O

Name Zinc Oxide

Name (mineral)  Zincite, syn

Name (common) chinese white, zinc white

Lattice: Hexagonal Maol. weight = 81.38
5.G.: PB3mc (186) Volume [CD] = 4762
Dx =
Dm =
IMlcor = -1.000
a= 324982 alpha =
b= beta =
c= 520661 gamma =
a’b= 1.00000 = 2
c/lb= 160212

Sample Source Or Locality: The sample was obtained from the New
Jersey Zinc Co., Bethlehem, Pennsylvania, USA

Powder Data (additional reference). References to other early patterns
may be found in reference (5)

Optical Data: B=2.013, Q=2.029, Sign=+

Color: Colorless

General Comments: The structure was determined by Bragg (1) and
refined by Abrahams, Bemstein (2)

Polymorphism/Phase Transition: A high pressure cubic MaCl-type of Zn0
is reported by Bates et al. (3) and a cubic, sphalerite type is reported by
Radczewski, Schicht (4)

Temperature Of Data Collection: The approximate temperature of data
collection was 26 C

Additional Pattern: To replace 00-005-0664 (5)

Additional Pattern: See ICSD 31052 (PDF 01-075-1526)

d 20 1
281430 31.770 57 1 0 0
260332 34.422 44 0 0 2
247592 36.253 100 1 1] 1
191114 47.539 23 1 0 2
1.62472 56.603 32 1 1 0
1477112 62.864 29 1 0 3
140715 66.380 4 2 1] 1]
1.37818 67.963 23 1 1 2
1.35825 69.100 1" 2 0 1
1.30174 72.562 2 0 0 4
1.23801 76.955 4 2 0 2
1.18162 81.370 1 1 0 4
1.09312 89.607 7 2 0 3
1.06384 92.784 3 2 1 0
1.04226 95.304 6 2 1 1
1.01595 98.613 4 1 1 4
098464 102.946 2 2 1 2
097663 104.134 5 1 0 5
0.95561 107.430 1 2 0 4
093812 110.392 3 3 0 0
0.90694 116.279 8 2 1 3
0.88256 121.572 4 3 0 2
0.86768 125.188 1 0 0 6
0.83703 133.932 3 2 1] 8
0.82928 136.520 1 1 1] [
0.82370 138.513 2 2 1 4
0.81247 142.918 3 2 2 0

Primary Reference

Publication: Powder Diffraction

Detail: volume 1, page 76 (1986)

Authors: McMurdie, H., Morris, M., Evans, E., Paretzkin, B., Wong-Ng,
W., Ettlinger, L., Hubbard, C.

Radiation: CuKal Filter: M
Wavelength: 1.54060 d-spacing:
SS/IFOM: 129.6 (0.0072,29)
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Pattern: PDF 77-0374 Radiation: 1.54060 Quality: Calculated

Formula Bi2 O3 d 26 | 3 1
Name Bismuth Oxide 326087 27.328 999 1 1 1
Name (minerai) 282400 31.658 386 2 0 0
1.89687 45.381 223 2 2 0
Name (common) 1.70294 53.787 170 3 1 1
1.63044 56.387 39 2 2 2
1.41200 66.123 12 4 0 0
1.29574 72.952 24 3 3 1
1.26293 75.169 19 4 2 0
1.15289 83.848 10 4 2 2

Lattice; Cubic Moal. weight = 46596
5.G.; Fm=3m (225) Volume [CD] = 18017
Dx =
Dm =
Weor = 16.180
a= 564800 alpha =
b= beta =
c= gamma =
a/b= 1.00000 = 2
c/b= 1.00000

ICSD Collection Code: 038436

Temperature Factor: ITF

Article Title: The structural properties of the oxygen conducting delta
phase of Bi2 03

Wyckoff Sequence: f c a (FM3-M)

ANX: A2X3

Structure

Publication: J. Phys. C: Solid State Phys.

Detail: volume 16, page 561 (1983)

Authors: Battle, P.D., Catlow, C.R.A_, Drennan, J., Murray, A.D.
Primary Reference

Publication: Calculated from ICSD using POWD-12++

Radiation: CuKal Filter: Mot specified
Wavelength: 1.54060 d-spacing:
SSIFOM: 999.9 (0,9)
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AINY1INAU (nm)

AMINTQHIUVBILA (T%)

ﬁWﬂWﬁﬁ%ﬁ}@uﬂﬁjﬂﬂlﬂﬂuﬁﬂ (R%)

300.0 40.76 5.54
300.5 41.32 5.53
301.0 39.95 4.16
301.5 41.31 5.61
302.0 41.90 4.18
302.5 41.91 5.58
303.0 40.01 5.70
303.5 42.40 4.28
304.0 40.60 5.63
304.5 40.52 4.30
305.0 42.38 5.61
305.5 41.19 4.38
306.0 41.10 5.67
306.5 41.10 441
307.0 41.64 5.64
307.5 42.98 4.49
308.0 41.85 5.63
308.5 41.69 4.57
309.0 41.68 5.61
309.5 40.94 4.59
310.0 42.07 4.46
310.5 42.82 5.67
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MG 1 Aredndeyan laninmsianinisnggriuuewas (T%) tagansaziounau

ar o a 4 s A Y a o 2
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I d o g 1 a A I~
znoN 1oFIFUA TIUIU 1 FU HIUMTUBUNAN WUHHN 600 ’E)\?ﬂ'll‘h’ﬁ!“?fﬂﬁ 1Wu

E]

a1 2 92144 (D)

ANUEIATY (nm) AMINZQHIUVOIA (T%) | AIMTAZROUNAUVDIAL (R%)
311.0 41.15 4.70
311.5 42.56 5.72
312.0 42.20 4.73
312.5 41.53 4.53
313.0 41.92 5.77
313.5 43.25 4.90
314.0 41.66 4.56
314.5 4237 5.81
315.0 42.70 5.02
315.5 42.70 4.63
316.0 4271 4.67
316.5 42.04 4.69
317.0 42.99 4.69
317.5 42.24 5.84
318.0 42.97 5.11
318.5 42.73 4.74
319.0 43.12 4.76
319.5 42.74 471
320.0 43.13 532
320.5 42.36 4.89
321.0 43.11 5.10
321.5 42.94 4.70
322.0 43.09 4.87
322.5 42.81 478
323.0 43.19 4.96
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ar o a 4 s A Y a o 2
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ANUEIATY (nm) AMINZQHIUVOIA (T%) | AIMTAZROUNAUVDIAL (R%)
3235 42.97 4.88
324.0 43.19 4.80
324.5 43.13 4.94
325.0 42.98 4.86
325.5 43.35 5.00
326.0 43.27 4.93
326.5 43.26 4.83
327.0 43.38 4.96
327.5 43.00 4.90
328.0 43.46 5.01
328.5 43.24 4.95
329.0 43.40 4.86
329.5 43.53 4.77
330.0 43.72 5.05
330.5 4351 5.03
331.0 43.63 4.94
331.5 43.68 5.04
332.0 43.69 4.82
332.5 43.62 4.70
333.0 43.77 4.94
333.5 43.74 4.94
334.0 43.64 4.86
334.5 43.72 4.92
335.0 43.87 5.03
335.5 43.97 4.86
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A @ [] 9 A 9 1 2 ] A a o
ATT NN 3.2 ﬂ’]’é]t’JNGUf]iJ”aVIulﬂﬂWﬂﬂﬁﬂi (ahv) uae hy NNYFWNAAUUNNITNATDY GBI

a J s A Y a o a Jd < d o H ]
uﬂumﬂa’e)ﬂulc]fﬂm%’amsmmmﬂimm 0.202A0) 1U5IHUA TIUIU 1 TU WU

a A a = I o
NTUBUUANYUYYN 600 DIA UG ALFYT Wuran 2 GD"JIiN

AYNE1IAAY (nm) hv (eV) (ahv)’ x10"(cm” V)’
300.0 4.133 13.190
300.5 4.126 12.700
301.0 4.120 14.783
301.5 4113 12.569
302.0 4.106 13.040
302.5 4,099 12.043
303.0 4,092 13.436
303.5 4.086 12.458
304.0 4.079 12.912
304.5 4072 13.860
305.0 4.066 11.481
305.5 4,059 13.167
306.0 4.052 12.324
306.5 4.046 13.132
307.0 4.039 11.854
307.5 4.033 11.578
308.0 4.026 11.629
308.5 4.019 12.399
309.0 4.013 11.691
309.5 4.006 12.884
310.0 4.000 12.067
310.5 3.994 10.735
311.0 3.987 12.525
311.5 3.981 10.814
312.0 3.974 11.648
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a J s A Y a o a Jd < d o H ]
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a A A = < o 1
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AYNE1IAAY (nm) hy (ahv)’
312.5 3.968 12.229
313.0 3.962 11.124
313.5 3.955 10.706
314.0 3.949 11.997
314.5 3.943 10.683
315.0 3.937 10.902
315.5 3.930 11.104
316.0 3.924 11.038
316.5 3.918 11.456
317.0 3912 10.768
317.5 3.906 10.551
318.0 3.899 10.465
318.5 3.893 10.810
319.0 3.887 10.507
319.5 3.881 10.754
320.0 3.875 10.110
320.5 3.869 10.834
321.0 3.863 10.186
321.5 3.857 10.495
322.0 3.851 10.268
3225 3.845 10.468
323.0 3.839 10.090
323.5 3.833 10.244
324.0 3.827 10.118
324.5 3.821 10.046
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A @ [] 9 A 9 1 2 ] A a o
ATT NN 3.2 ﬂ’]’é]t’JNGUf]iJ”aVIulﬂﬂWﬂﬂﬁﬂi (ahv) uae hy NNYFWNAAUUNNITNATDY GBI
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AYNE1IAAY (nm) hy (ahv)’
325.0 3.815 10.154
325.5 3.810 9.814
326.0 3.804 9.872
326.5 3.798 9.904
327.0 3.792 9.728
327.5 3.786 9.909
328.0 3.780 9.593
328.5 3.775 9.730
329.0 3.769 9.652
329.5 3.763 9.594
330.0 3.758 9.302
330.5 3.752 9.408
331.0 3.746 9.357
331.5 3.741 9.246
332.0 3.735 9.329
332.5 3.729 9.406
333.0 3.724 9.164
333.5 3.718 9.154
334.0 3.713 9.226
334.5 3.707 9.121
335.0 3.701 8.951
335.5 3.696 8.956
336.0 3.690 8.975
336.5 3.685 9.020
337.0 3.680 8.946




148

(ahv)’ x 10" (cm™eV)?
(6]
1

Energy band gap, E,

~

0 T T f T d T T T T T T
3.20 3.25 3.30 3.35 3.40 3.45 3.50

hv (eV)

d' [ v 7 1 [ [ 2 a| d
gﬂ% 12 ANNFNWUTIEHINNE LU Ineu (photon energy, Av) N (ahv) Yoslanug

A A A A Y a o P-4

nlugedean lsanideu lumsRemet minifFana 0.2 ozaou nlosiud

9 H
U 1 FU AIUMITLUDUUANGUNHN 600 DIF T LT



MANHIN D

MivenamImImnnan NI K I (Resistivity)

uazmmM 3 W (Conductivity)



150

a1 mamnaminaanudemulnih Resistivity) sazmimsin lW¥h (Conductivity)

Y
a v 1 o a <
TumsaneiillFmatinmsianinnuir IWia 1035 Tnsu 2 193 2 probe) Taga31asee

S

H Y
duid Tang 2 99 vinamnu aegili 0.1 wasamvesannudmu liih (R, ) drematiadisia

tlu

o—

Vv
Ry = =2R, +2R +2R, +R, (¥.1)

A = ' Y
I@]ﬂ‘ﬂ o ﬂ1ﬂ7]13J@1u‘VH‘L!ﬂJfNIWTlJ

R
R, e manwdmm llihiisesdudaszunaudu InausuAives i
R, Ao manudmumuliihnszne

R

o Amnnuaunu lihvesiag

71

J e
T

R

v v Y
1 1.1 manudumu ldhifevunnms taauiania fhuunIngy 2§ (2 probe)



151

A1 R, agaumsi 1.1 awnsam ldnndrunavuesnnusudunsvinsia

aszua-u3aay i vesllduina uazamnannudumu Iiihvesildune (p ) naadsaums

R-A R-t-W
poRA (1.2
| |
Iae
1
o== 0.3)
P

¥

Tasn A Ao wunnnszua Wi lvaih-eon
o Ao A Ilihuesiag
A a| d
t A0 ANurIveINduLa
Y
w Ao duiuguinaiavesia luihTany

)
I Ao szozviszneta ihTanzaoqga

o [ v ar d a J s
msfnaaenIidoyamstanszua-ussau il weslavuwnTugsdosn leanide

a

9 A o J <2 g 1 A A = <

Aetiaaimifsuna 0.2 ozaon o ua HiuMsuaUHaNguuYN 600 0IRUTATaE 11 uran
& { 1 1% { o Y )

2 %2 Tus meldangdivasadng asgii 2.2 udrdnnuarusuvesnsdle Tusunsudusagy
L. = v o o A ' 9 Y 2 a1 1w

OriginPro 8.5 1492 lAdIUNAUYRIANUTUABHATIWYBIAIANUA MU W (R, ) Feliauniiy

2.41 % 10" To¥iy (Q)



152

2.0E-4

1.5E-4 H

1.0E-4 H

5.0E-5

0.0

Current (A)

-5.0E-5

-1.0E-4

-1.5E-4

-2.0E-4 T T T T ! T T 1 T T T T T T T
-40 -30 -20 -10 0 10 20 30 40
Voltage (V)

asnszua-usaau Wil (-v curve) Tuaazntiuasanavesdduunaun Ty

&
=
=)
=)
()

a J s Ay a @ J 3 g 1 A A
%Qﬂ@@ﬂhlcmmﬂamﬂuﬁMﬂﬂ?mm 0.2 9oADU L‘ﬂ@imum NIUDITUBDUUAN

a = 3 o
UNNN 600 RNRILIGITTG] Lﬂuma'l 2 %UINQ

v i1
nniuumua luauns (0.2) Weduamaiinaanudunu Iiihvesilaue (o)
v
TaeTlduuralinnunu ()10 89.24 1 Tuwas idurngudnarsvesaa i Tane (w)

Y
T oW a 1 1 v EY LY a
WNNY 0.112 LHFUALUAT Ll,a3i85EJ%'H1\3531/7’31\16113“11/‘]1/\]11611’75?(@\1@.@1 (|) ININY 0.226 LFUALUNT

v W [

Y
IR9I1IMTMUIUAI

RA RtW
LT T

(2.41x10°Q2)-(89.24x10 "cm)-(0.112cm)
(0.226cm)

p:

p=1.066 (Q-cm)

£ a2 A o A A Y A o -4
NIEAETUU ‘V\Iall‘UT\T1!1IuG]f\?ﬂ?)@ﬂi“]fﬂ‘ﬂﬁ]@ﬂ?ﬂﬂﬁ”ﬂﬂ%ﬂ?ﬂ! 0.2 9D !‘]J@ﬁl"]fu@‘l

[

] a a I < 1 Ao
FIUNSHBUUANQUN N 600 mmmm%ﬁ Wuai2 “F?Tll\? flﬂTWﬂﬂ

)

anusumu i mou 1.066 (Q-cm) Mmeldaniizniuea



153

] g}/ o 1 o 9, ard R A Y 1
WaQﬂ1ﬂ1!“LJﬂWu’Jﬂ!ﬂWﬂ’NiJquNlh‘lV‘thf’)\‘W\la3J‘1J1\‘]ﬂ1ﬂﬁllﬂﬁ (2.3) FINAUMDUFTIU

@ 1" Aav 9 Y =% ] o [ dy
ﬂa‘ummmwﬂﬂmmmumu"lvhh TaelA19d19NsMUINAIH

1 1

p (1066 Q—cm)

5=0938 (Q-cm)’

J

2 a2 A AN Y A ¢
INIIEREUU ‘V\Iﬁll‘1JN‘11!1T‘L!Gﬁﬂﬂﬂﬂﬂi%ﬂﬂﬁ]@ﬂﬁﬂﬂﬁm%ﬂ%NTﬂ! 0.2 9NN !ﬂﬂilcﬁuﬁ
' A A a ~ IS o a
WIUNITUDUUANYUNYY 600 DAL AL L“JJ‘L!!,'JEHZ ﬂf’)jllﬂ A1

o 1w - Y {
AN i mnv 0.983 (Q-em)' meldanigniinas



MANHIN D

a c; Y \ \J =
‘]J‘VIﬂ’J"I?JT!‘Iﬂfn‘i‘n"lﬂi‘llﬂ‘li!NEl!!W‘ﬂ‘MiZ‘ViTNﬂ‘liﬂﬂ‘bﬂ



155

4' d' Y a A [ v =]
‘518]‘lff’]‘lJTlﬂ’ﬂN?’ﬂﬂ§Hﬂ1iﬂWNW1u§$ﬂ31Qﬂ1iﬁﬂH1

Krongarrom, P., Rattanachan, S. T., & Fangsuwannarak, T. (2012). ZnO Doped with Bismuth in Case
of In-Phase Behavior for Solar Cell Application. Engineering Journal, 16(3), 59-70.
Krongarrom, P., Rattanachan, S. T., & Fangsuwannarak, T. (2011, 17-19 May 2011). Structural and
optical characterizations of n-type doped ZnO by sol-gel method for photovoltaic. Paper
presented at 8th International Conference on the Electrical Engineering/Electronics, Computer,

Telecommunications and Information Technology (ECTI-CON).



156

ECWCONNI@

10N HAD URZSTY

Circuits and Systems
Advanced Technologies
Paper ID 1394

Structural and Optical Characterizations of
n-type Doped ZnO by Sol-Gel method for
Photovoltaic

Phanuwat Krongarrom', Sirirat T. Rattanachan', Thipwan Fangsuwannarak’
'School of Ceramic Engineering, Institute of Engineering, Suranaree University of Technology, Nakhon Ratchasima, Thailand,

30000

2School of Electrical Engineering, Institute of Engineering, Suranaree University of Technology, Nakhon Ratchasima, Thailand,
30000

Abstract- This paper presents the effect of Bi doping  sputtering [13]. The Bi-doped ZnO films possessed high

concentration and annealing temperature on structural and
optical properties of zinc oxide thin films. The samples in this
study were prepared by sol-gel technique. These thin films were
characterized by X-ray diffractometer technique. XRD analysis
revealed that the Bi-doped thin films after annealing indicated
good preferential orientation along c-axis perpendicular to the
substrate, in particular very low concentration of Bi dopant. Asa
result, it indicated that Bi atoms acting as donor impurities can
be in phase of ZnO. The surface morphology was characterized
by using SEM (Scanning Electron Microscope). The visible
region was measured by UV-VIS spectrophotometer. Finally, the
optical band gap of undoped and Bi-doped ZnO thin films were
obtained by the Tauc plot. Varying the Bi doped in the range of
0.2-0.6 at.% under annealing temperature at 600 °C caused a no
significant change in optical band gap. In contrast, the annealing
procedure produced significant changes from 3.27¢V to 3.32¢V in
the optical band gap in order to higher blue responsibility for
photovoltaic.

I. INTRODUCTION

Zinc oxide (ZnO) is a n-type semiconductor material, as a
wurtzite structure ZnO with a direct energy wide band gap
(3.2 — 3.4 eV) and high exciton binding energy of 60 meV.
This material is considered and applied as transparent
conducting electrode in photovoltaic [1-2], gas sensor [3], and
acoustic wave devices [4]. The advantages of zinc oxide are
stable in hydrogen plasma and environment, low cost material
and transparent in visible light region. In the recent, zinc oxide
is interested and approached to replacement of indium tin
oxide (ITO) widely used for transparent conducting contact.
Nonetheless, ZnO nanostructures for n-type layer of
photovoltaics have not been investigated extensively.
Moreover, their structural and optical characteristics for this
aim have not been fully understood.

Recently, n-type ZnO films doped with other elements has
been prepared by various deposition techniques [5-12]. Sol-gel
technique is very low-cost effective due to nanostructural
preparation under low-temperature, and it is simple to control
the dopant composition. The conductive and transparent Bi-
doping ZnO films by sol-gel method have not been reported
yet. M. Jiang et.al studied the effect of the annealing condition
on the Bi-doped ZnO films prepared by r.f. magnetron
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transmittance (about 85%) in the visible region and low
resistivity value with high carries density of the film.

In this paper, the Bi-doped ZnO thin films were prepared by
spin coating of the gel. The effect of dopant concentration and
annealing temperature on structural and optical properties of
Bi-doped ZnO thin films were investigated. Tauc plot was
used for estimating the wider band gap of Bi-doped ZnO thin
films that was appropriate to apply in solar cell.

II. EXPERIMENTAL PROCEDUE

Bismuth doped and undoped ZnO thin film were prepared
by spin coating of the gel from zinc acetate dihydrate
{Zn(CH;CO0); - 2H,0} (Ajax Finechem) and Bismuth nitrate
pentahydrate { Bi(NOs); -SH,0 } (Fluka) as starting material.
Ethylene glycol (CARLO ERBA) and monoethanolamine
(MEA) (Ajax Finechem) were used as a solvent and sol-
stabilizer, respectively.

The zinc acetate dihydrate was dissolved in solution of
ethylene glycol - MEA at room temperature. The
concentration of zinc acetate was 0.7 M and molar ratio of
zinc acetate dihydrate to MEA was kept at 1:1. The mixture
was stirred at 80°C for 10 minutes and then added Bismuth
nitrate pentahydrate of 0.125 M with varying concentration for
0.0, 0.2, 0.4, 0.6, 2, 4 and 6 at.%, respectively. Subsequently,
the mixture was continuous stirred at 80°C for 1 hour until
clear and homogeneous gel was appeared.

The quartz substrates were carefully cleaned by Ratio
Corporation of America (RCA) method. The films were
prepared by using Spin Coater at 2500 rpm for 10 s. The
coated films were dried at 100°C for 30 minutes in oven.
Finally, the films were annealed at 400°C and 600°C in air for
2 hours.

The structural characterization of films were determined by
using X-ray diffractometer (RIGAKU TTRAX III) with a Cu-
Ka (1.54059 A). Surface morphology was studied by using
JEOL JSM-6400 scanning electron microscope (SEM). The
film thickness was measured by optical profiler (Veeco
WYKO NT1100). The optical transmittance and reflectance
were measured by UV-Vis spectrophotometer (AJUK
SPECORD 250+222P133) in the range of 300-1100 nm
wavelength.
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IIl. RESULTS AND DISCUSSION

Structural characterization

The XRD patterns of undoped and Bi-doped ZnO thin films
which annealed at the various temperature conditions are
shown in Fig.l. This result shows that the structure of
undoped ZnO thin film is polycrystal with hexagonal wurtzite
structure and all of diffraction peaks match with that of ZnO
(JCPDS #036-1451). Furthermore, ZnO with low Bi doped in
the range of 0.2-0.6 at% are prefered orientation along c-axis.

As shown in XRD patterns in Fig.1, the ZnO thin film with
high Bi concentration in the range of 2 - 6 at.% obtained the
peaks that identified to (100), (002), (101), (102), (110) and
(103) plane of diffractions for a single phase hexagonal
waurtzite structure as same as an undoped ZnO pattern. These
results implied that Bi doped bonding occurred phase
separation. In contrast, XRD spectra shows only the dominant
(002) and (103) diffraction planes for very low Bi doping in
the range of 0.2-0.6 at.%. In particular the dominant (002)
peak revealed that Bi-doped in ZnO thin films obtained the
preferred orientation along c-axis and also it is in phase of
ZnO nanostructure. Thus the ZnO thin film with Bi content of
0.2 at.% especially indicate the most preferred orientation
along c-axis because of the highest relative intensity and the
constant lattice (@) in the table I matching with #036-1451
[14]. Fig. 2 show the XRD patterns of 0.2 at.% Bi-doped ZnO
thin film at the various temperature conditions. It was found
that the film annealed at 600°C was more preferred orientation
than which at 400°C. The average grain size (d) of the ZnO
films was also determined by using the Scherrer’s relation
[15];

0.92
Bcosby

)

where 4 is the X-ray radiation wavelength (0.154 nm), 63 is
the Bragg diffraction angle of XRD peak and B is the full
width at half maximum (FWHM). In Table I, the average
grain size of ZnO nanostructure decreased from 20.2 nm to
18.9 nm in the change of % Bi content from 0.6 at.% to 0.2
at.%. This result causes from the larger Bi ion than Zn ion
which is substitute into ZnO lattice. In the case of bigger ionic
radius dopant ion, it was found that lattice parameter is higher
than that of #036-1451[16]. In contrast, the grain formation of
undoped ZnO nanostructure became better with big average
size of 25.3 nm because there was no Bi impurity in the grain
structure.

The surface morphology of each of the films was
determined by using SEM as shown in Fig. 3. From these
figures, the pores appeared in the surface of the undoped ZnO
film and decreased in the increase of Bi content while the
surface cracks widely occurred in the case of increasing Bi
content. Fig. 3(b) shows that 0.2 at.% Bi-doped ZnO film was
a uniform thin film in this work.
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Fig. 3 (b) and (e) show 0.2 at.% Bi-doped ZnO thin films at
annealing temperature 600°C and 400°C, respectively. It was
clear that the pores and cracks decreased in the increase of
annealing temperature.
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Fig. 1. XRD patterns of ZnO:Bi films annealed at 600°C with the variation of
Bi concentration
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Fig. 2. XRD patterns of 0.2 at.% Bi—doped ZnO thin film annealed at 400°C
and 600°C

Optical characterization

Fig. 4 and 5 show the transmittance spectra of the ZnO
films in the range of 300 — 1100 nm wavelength. It obtained
the transmittance value about 90% for visible and infrared
region. In particular to 350 — 400 nm in blue wavelength, 0.2
at.% Bi-doped ZnO annealed at 400°C has higher
responsibility than others as shown in Fig. 5. However, as
shown in fig. 4, the relationship between the added Bi content
and blue responsibility of the films was not clear. Since ZnO
is a direct band gap semiconductor, as a result, the optical
band gap (E,) can be estimated by an extrapolation of the
linear curve portion as a function of absorption coefficient (a)
dependent on photon energy (Av) [17].

(ehv)’ =C(ho-E,) (2)
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TABLE 1
Lattice parameters, relative intensity and average grain size of prepared ZnO
thin films

Bi dopant Anncaling | Lattice parameters Relative Average
concentration | temperature s ; grain size
at% PG ni
(at.%) (°C) a ( A) ¢ ( A) (nm)
0.0 3.254 5213 0.228 253
02 3.250 5220 0.769 189
600
04 3.246 5219 0.720 19.7
0.6 3252 5218 0.673 202
o5 400 3272 5.180 0.739 17.7
’ 600 3.250 5220 0.769 189
#036-1451 - 3.250 5.207 - -

Fig. 3. SEM micrographs of ZnO:Bi thin films are annealed at 600°C with
added (a) 0.0 . (b) 0.2, (c) 0.4, (d) 0.6 at.% Bi and (¢) 0.2 at.% Bi anncaled
at 400°C

where C is a constant for a direct transition and photon energy.
The optical absorption coefficient (&) of the prepared films
can be calculated by [18];

i =}1n[‘/(1_R)4 +4T°R* —(]-R)’]

AR 3
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where ¢ is the thickness of the film, 7 and R are the
transmittance and reflectance of the film, respectively.
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Fig. 4. Optical transmittance spectra of ZnO:Bi thin films are annealed at
600°C with varying Bi contents.
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Fig. 5. Optical transmittance spectra of 0.2 at.% Bi-doped ZnO thin films
led at various conditions.

The plot of the relationship between (chv)? and hv are
shown in Fig.6 and 7. E; of the prepared ZnO films was
determined by extrapolation. Fig.6 shows Tauc plot curve of
ZnO thin films with varying Bi contents which annealed at
600°C. It found that the E, has no significant change. It is
possible that the average grain size between 18.9-20.2 nm of
ZnO films with varying Bi doped would not be related to
quantum size effect.

Nevertheless, 0.2 at.% Bi-doped ZnO thin films annealed at
varying temperature conditions has the change of the optical
band gap which increased with decreasing of the annealing
temperature, as shown in Fig. 7. This is impossibly due to
strong confinement limit of quantum size effect with the
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average grain size of 17.7 nm but weak confinement limit in
this study. [19-20].
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Flg 6. (ahv)® versus (hv) curves of ZnO:Bi thin films annealed at 600°C with
various Bi concentration.
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Fig. 7. (ahv)’ versus (hv) curves of 0.2 at% Bi-doped ZnO thin films
annealed with various temperatures compared with 0.48 at.% Bi-doped ZnO
thin film deposited by rf magnetron sputtering [13].

IV. CONCLUSIONS

In summary, undoped and Bi-doped ZnO thin films on fused
quartz have been prepared by spin coating from the gel
solution. The ZnO thin films were doped with various at.% Bi
contents and annealed in air with different temperature. In this
work, XRD pattern of small Bi doping were efficient due to
good preferential orientation and hexagonal wurtzite structure.
This indicates that low %Bi content can be in phase into ZnO
bonds. This result will be brought to high conductivity of the
n-type ZnO solar cell due to excited electrons. In addition, the
ZnO thin films were very high transparency with the average
above 90% in visible and infrared region. This is a significant
factor needs for a good active window layer of solar cell.
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Abstract. Zinc Oxide (ZnO) nanostructure thin films doped with bismuth atoms were
initially achieved by spin coating preparation from zinc acetate gel on the fused quartz
substrate. The optical and structural properties have been preliminary studied in order to
obtain more understanding the optimized factors for transparent conductive oxides
(TCOs) of thin film solar cell. The optical transmittance was higher than 90% in the visible
range for all films. In addition, the optical band gap of the prepared films calculated by
Tauc plot showed the change of lightly blue shift but no significantly changed with
increasing of Bi doping concentration. The glancing incident X-ray diffraction result
showed that the Bi doped in ZnO nanostructure thin films after annealing have
polycrystalline hexagonal wurtzite structure and good preferential orientation along c-axis.
This chemical characterization indicated that in-phase behavior occurred in low Bi dopant
content between 0.2 — 1.0 at.% Bi content, hence 1 atomic percentage of Bi content was
uppermost to obtain preferential orientation in this study. However, the quality of the
films surface was improved due to the larger number of coating layers but the electrical
properties was improved. The tentative study in term of electrical behavior was
investigated for application in TCO film of solar cell. The electrical property showed that
more multi ZnO layers affected on an increase in the electrical conductivity of the films.
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1. Introduction

In the recent, Zinc Oxide is a semiconductor material that is interested and applied in many applications,
such as solar cells, transparent electrode, gas sensor, photo catalysts, transducers, laser diodes and acoustic
wave devices [1-5]. Due to its properties such as n-type semiconductor with wide direct energy band gap
(3.37 V), high exciton binding energy (60 meV) [6] and the electrical resistivity can be adjusted between
low and high which depend on the processing, annealing temperature and doping concentration [7-9].
Furthermore ZnO is stable in hydrogen plasma and environment, low cost material and transparent in
visible light region. Therefore ZnO is interested and approached to replacement of indium tin oxide (ITO)
which is widely used for transparent conducting electrode.

Nowadays, doped n-typed ZnO thin films has been prepared by various deposition techniques e.g. r.f.
magnetron sputtering, pulsed laser deposition (PLD), chemical vapor deposition (CVD), evaporation, metal
organic chemical vapor deposition (MOCVD), sol-gel, and spray pyrolysis [10-17]. Sol-gel technique is very
low-cost effective due to nanostructural preparation under low-temperature, and it is simple to control the
dopant composition. M. Jiang et.al (2009) [11] studied the effect of the annealing condition on the Bi-doped
ZnO films prepared by r.f. magnetron sputtering. The Bi-doped ZnO films possessed high transmittance
(about 85%) in the visible region and resistivity value with high carries density of the film. Furthermore, F.
Chouikh e al. (2011) [18] studied the structural, optical and clectrical properties of undoped ZnO and Bi
doped ZnO thin films prepared by ultrasonic spray pyrolysis technique. The conductive and transparent Bi-
doping ZnO films by sol-gel method have not been reported yet. Moreover, their structural and optical
characteristics for this film have not been fully understood.

In this paper, the Bi-doped ZnO thin films were prepared by spin coating of the sol-gel method. The
effects of dopant concentration on structural, optical and electrical properties with varous Bi doping
concentrations of ZnO thin films were investigated. The transmittance of the layers deposited on glass was
measured in UV-visible region. Tauc plot was used for estimating the band gap energy of Bi-doped ZnO
thin films that was appropriate to apply in TCO film in solar cell.

2. Experimental

2.1. Materials

Undoped and bismuth doped 7ZnO gel were synthesized from =zinc acetate dihydrate
{Zn(CH;CO0)2'2H20}, Bismuth nitrate pentahydrate  {Bi(NO3)»5H20}, ethylene glycol and
monoethanolamine (MEA) as starting material for ZnO, bismuth dopant source, solvent and sol-stabilizer,
respectively. All materials were purchased from Ajax Finechem, Fluka, CARLO ERBA, Ajax Finechem,
respectively.

2.2. Sol-Gel and Thin Film Preparation

Zinc acetate dihydrate was added in the mixed solution of ethylene glycol and monoethanolamine (MEA).
Concentration of zinc acetate was 0.7 M and molar ratio of zinc acetate dihydrate to MEA was kept at 1.
The solution was stirred at 80°C for 10 minutes and then dropped bismuth dopant solution by varying the
bismuth concentrations for 0.0 — 1.2 at.%, and continue stirred at 80°C for 1 hour. The fused quartz
substrates in this work were carefully cleaned by Ratio Corporation of America (RCA) method. The
undoped and bismuth doped ZnO nanostructure thin films were prepare by spin coating process on the
fused quartz substrate by using spinning speed at 2500 rpm for 10 seconds. The films were dried at 100°C
for 30 minutes in oven and then repeated coating again as shown in Fig. 1. All films were annealed at 600°C
for 2 hrs in furnace with air atmosphere as followed to previous work [19].
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h pentahydrate solution
Monoethanolamine (MEA) 0.7M 00-12at%
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2500 rpm for 10 s
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4 1, 3, 5 times

Drying at 100°C
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/
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for 2 hrs

FidFECEn
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Fig. 1. Flow chart of Bi doped ZnO thin film preparation.

2.3. Characterization of Bi-doped ZnO Thin Films

The phase and structural characterization of thin films were determined by using Glancing X-ray
diffractometer (RIGAKU TTRAX III) with a Cu-Kai (1.54059 A) as an X-ray source at 40 kV and 300 mA.
Surface morphology was observed by using scanning electron microscope (Neo-1450VP). The optical
transmittance and reflectance were measured by UV-Vis spectrophotometer (AJUK SPECORD
2504222P133) in the range of 300-1100 nm wavelength. The film thickness was measured by optical
profiler (Veeco WYKO NT1100). The average grain size (d) of ZnO thin films was calculate by using
Scherrer formula as Eq. (1) [20].

0.94

~ Beos QB M

where ), B, 05 are wavelength of the X-ray radiation (1.54059 A), full width at half maximum (FWHM),
and the Bragg diffraction angle of the most intense peak in this study (002), respectively. Tauc plot method
is used for estimating the band gap energy (E;) of ZnO thin films by an extrapolation of the linear portion
of (xh#)? versus (hs) curve from Eq. (2) [21]:
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(ahv)? = C(hv - Ey) )

where C is a constant for a direct transition and photon energy. The optical absorption coefficient (o) of
Zn0O thin films can be calculated by Eq. (3) [21]:

L Ja-R* +a72R2 _(1-R)?2
t

a=-
2TR?

where t, T, R are the thickness, the optical transmittance, the optical reflectance of the film, respectively.

The Current-Voltage (I-V) curve of ZnO thin films was measured by using Keithley 2400 source meter
and plot a J-V curve as a function of ZnO thin film thickness. Silver plate was used as electrode on 0.2
at.% Bi doped ZnO thin films with varying film layers.

3. Result and Discussion
3.1. Structural Characterization
3.1.1. X-Ray Diffraction

The undoped and Bi doped ZnO thin films were first coated on clean fused quartz substrate and annealed
at 600°C. The effect of Bi doping concentration on the chemical structure of ZnO thin films was studied.
Figure 2 shows X-ray diffraction patterns of ZnO thin films and undoped ZnO thin film which are
polyerystalline with hexagonal wurtzite structure. The diffraction peaks are identified to (100), (002), (101),
(102), (110) and (103) in the scanning angle (20) from 25 — 65°, compared with ICDD JCPDS pattern no.
36-1451 (the powder diffraction of ZnO structure). The evaluated structure parameters of thin films are
presented in Table 1. ZnO thin films with 0.2 — 1.0 at.% Bi contents showed preferential orientation along
(002) and (103) peaks. However, the diffraction patterns of ZnO thin film with 1.2 at.% Bi content were
same as that of undoped ZnO thin film. It indicated that Bi atom was not in-phase of ZnO but it was
probably separated in BixOj phase into the grain boundary. However, it could not detect the diffraction
peaks of BixOs due to its small concentration. The lattice parameters can be calculated by using the
following formula [22]:

1
JHR +13 k) 13d> + 1/ ¢ @

dh}d =

where a and ¢ are the lattice parameters and dua is the crystalline surface distance of hkl indices. The lattice
parameters of undoped ZnO thin films are closed to the parameters of ap = 3.250 A and ¢ = 5.207 A
(JCPDS 36-1451). As can be seen in table 1, the different Bi doping concentrations give higher ¢ values
than undoped ZnO thin film. Bao ef o/ [23] have reported that slightly higher ¢ values for ZnO thin films
prepared on quartz glass substrates by a sol-gel method. The c-axis preferentially ordented ZnO thin film
can be suggested that the value of the surface free energy is minimum for the ZnO (002) plane at the
growth stage [24]. The increasing of parameter ¢ value is possible to substitute Bi dopants into the Zn sites.
The parameter c value slighr_ly increased with increasing the Bi dnping concentrations until 1.0 at.% and
with further increasing in doping level, the parameter ¢ value decreased to lower its value in undoped one at
1.2 at.% Bi dopant. Therefore, 1.0 at.% Bi concentration is the upper limit content for in-phase ZnO film
in this study. The grain size of the different doping concentrations was determined using the XRD spectra
and the Dybye-Scherer formula. The average grain size of doped ZnO decreased as compared to undoped
ZnO film. The grain size slightly increased with increasing Bi doping contents until 0.6 at.% and decreased

to 8.5 um at 1.2 at.% Bi concentration as shown in Fig. 3.
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Table 1.

Fig. 2.

Lattice parameters and Crystallite size of ZnO thin films.
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X-ray diffraction patterns of Bi doped ZnO thin films annealed at 600°C with various Bi

concentrations.
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Fig. 3. Variation of average crystallite size of Bi doped ZnO thin films annealed at 600°C with Bi dopant
concentrations.

3.1.2. Surface Morphology

From the previous work [18], 0.2 at% Bi doped ZnO thin film had the best preferential c-axis orientation.
The surface morphology of this film with various dopant concentrations and coating layers was observed
by using SEM as shown in Fig. 4 and 5, respectively. Figure 4(a)-(¢) show the surface morphology of 1
layer ZnO thin films with various dopant concentrations. Pores and many small cracks appeared on surface
for all films resulting in the low electrical conductivity of thin films. Figure 5(a)—(c) show the SEM
micrographs of 0.2 at.% Bi doped ZnO nanostructure thin films annealed at 600°C with various repeat
coatings at 1, 3 and 5 layers, respectively. From these figures, the morphology of the film at 1 layer coating
appeared cracks more than other films. In the other hand, the crack and porous defects were improved
with increasing coating layers, but it appears higher roughness.
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Fig. 4. SEM micrographs of Bi doped ZnO thin films annealed at 600°C with various Bi concentrations
for 1 layer films (a) 0.0 at. %, (b) 0.2 at. %, (c) 0.4 at. %, (d) 0.6 at. %, (e) 1.0 at. %.
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20,000 X —200 nm

Fig. 5. SEM micrographs of 0.2 at.% Bi doped ZnO thin films annealed at 600°C with varying layers
(a) 1 layer, (b) 3 layers, and (c) 5 layers.

3.2. Optical Characterization

Figure 6 and 7 show the transmittance and reflectance spectra of the ZnO thin films (1 layer thin film) in
the range of 350 — 800 nm, respectively. It shows low reflectance value in visible light region. It can indicate
that the ZnO thin films are transparent and suitable to apply as the TCO. Moreover, the ZnO thin films
responded to 350 — 400 nm in blue light wavelength. The optical band gap (Ey) of ZnO thin films can be
estimated from the relationship curve between (xhz)? versus (hz) by extrapolation of the linear portion
(Tauc plot). As can be seen in Fig. 8, the band gap energy of Bi doped ZnO thin films decreased (3.27 eV)
as compared with undoped ZnO thin film (3.28 ¢V) and no significantly change with different Bi doping
concentrations as summarized in Table 2. This result is against the report of M. Jiang ef @l [10] who
observed the band gap shift from 3.24 to 3.29 eV for the Bi-doped ZnO thin films prepared by rf
magnetron sputtering with increasing the argon pressure from 1.0 to 3.0 Pa. F. Chouikh ¢ a/. [18] who
found that the band gap shift from 3.19 to 3.24 ¢V for Bi-doped ZnO films deposited by ultrasonic spray
pyrolysis (to 5 mol% Bi concentration). They suggested that narrowing of optical band gap might be
attributed to the forming of Bi impurity energy level. Therefore, the optical properties of thin films can be
attributed to the deposition/ coating process and annealing temperature.
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Fig. 6. Transmittance spectra of Bi doped ZnO thin films annealed at 600°C with varying Bi
concentrations for 1 layer films.
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Fig. 7. Reflectance spectra of Bi doped ZnO thin films annealed at 600°C with varying Bi concentrations
for 1 layer films.
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Fig. 8.

for 1 layer films.

Table 2.

Optical band gap of ZnO thin films (1 layer).

(oth#)? versus (hz) curve of Bi doped ZnO thin films annealed at 600°C with varying Bi contents

Bi

(at. %)

Annealing Temp
(°C)

E; (eV)

0.0
0.2
0.4
0.6
1.0

600

3.28
327
3275
3.28
328

3.3. Electrical Characterization

The 0.2 at.% Bi doped ZnO thin films with various repeat coating times as shown in Fig. 9. The J-V curve
in dark condition of the ZnO thin films shows the ohmic behavior and the conductivity increased with
increasing repeat coating times. The film quality was improved due to pores and crack defects were reduced
and became homogenous. The resistivity of 5 layers ZnO thin film is 20.48 Q-cm which is very high as
compared to other reports [10, 18]. Bi-doped ZnO thin films deposited by ultrasonic spray pyrolysis have
the electrical resistivity varies within four order of decade level (from 0.1-1000 Q-cm) with increasing Bi
doping level. Usually, the grain boundary and surface defect caused a large effect on the electrical properties.
In this study, the electrical resistivity decreased with decreasing surface defects. As can be seen in surface
morphology (Fig. 5), porosity and surface cracks decreased with increasing coating layers.
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Fig. 9. J-V curve of 0.2 at.% Bi-doped ZnO thin films with varying coating layers.

4. Conclusions

In summary, undoped and Bi doped ZnO thin film on the fused quartz substrates have been prepared by a
simple sol-gel spin coating method. XRD pattern of ZnO thin films with 0.2-1.0 at% Bi showed
polycrystalline wurtzite structure with a preferential c-axis orientation. However, with 1.2 at.% Bi doped
ZnO thin film, it occurred out-of phase ZnO. The optical characteristic showed that Bi doped ZnO thin
films were excellent transmission in visible light region. Moreover, the transmittance showed sharp
absorption edge shift in blue wavelength. The reflectance spectra showed low reflectance value which will
be brought high photon energy to attack solar cell structure. The energy band gap was not affected by Bi
incorporation with different concentrations. The surface morphology of 0.2 at.% Bi doped ZnO thin film
was improved with increasing the number of layer. Furthermore, the electrical conductivity increased with
increasing the number of layer as well.
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