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JAIPET KAEWPHOKA: DEPOSITION OF DOPED ZINC OXIDE THIN
FILMS BY A LOW-COST TECHNIQUE FOR ANTI-REFLECTION
COATING IN SOLAR CELLS.THESIS ADVISOR:ASST. PROF.

THIPWAN FANGSUWANNARAK, Ph.D., 110 PP.

SURFACTANT/BISMUTH DOPED ZINC OXIDE THIN FILMS/SOLAR CELL

Antireflection coating(ARC) for solar cells is important in order to reduce the
loss of the light caused by reflections on the surface. Preparation of the ARC is
important to increase the energy conversion efficiency of the solar cell since there are
manyphotons of short and long wavelength able to both reflect and absorb into the
shallow and deep, respectively.In the case of the ARC layer coated on the surface
with roughnesssurface induces as a light-trapping of solar cellsbecause of more
exposure. As a result, the solar cell has highshort circuit current and open circuit
voltage.

This research wasstudiedin the fabrication ofBismuth doped ZnO thin films
based on nanocrystalline (ZnO:Bi) structureby using aspin coating technique.The
precursor of the sol-gel for the ZnO:Bi layer was investigated to be an ARC layer of
the silicon solar cells. The sol-gel preparationis a low-cost technique as compared
Plasma-enhanced chemical vapor deposition (PECVD)in the plasma and vacuum
condition.Moreover, the sol-gel technique provided a roughness surface structure
which contributedthe increase of light-trapping area.The optical energy band gap of
Zn0O:Bi thin films was approximately 3.33-3.35eVby the estimation of Tauc plot that
related with UV response. Therefore, This study aims to improve the

ZnO:Binanocrystalline with reducingdefects in Bi doped ZnOby annealing process



underforming gas. Meanwhile, the surface quality of ZnO:Bithin films was
obtaineddue to surfactant addition of cetyltrimethylammonium bromide (CTAB)in
order to improve moleculesadhesion of zinc oxide. CTAB addition and forming gas
procedures can affect to the quality of morphology, optical and electrical properties of
the thin films. Moreover,ZnO:Bithin filmswith transmittanceabove 95% were used as
a function of ARC layer of crystalline silicon solar cell with using n-emitter layer
from non-vacuumspin on doping (SOD) technique.As a result, the solar cells with
ZnO:Bi layer that are cost effective can generateshort circuit current of 25.81mA and

open circuit voltage of 601.3 mV with12.23% efficiency under PC1D simulation.
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IEMS ARG 9ol AMANVANIIY 919949
ZnClNa,CO,ua NaCl a‘um‘m%’au 297 1196000971 Hexagonal structure YU Wan 21-25 U1 (M. Kardauskas,
Mechanochemical -
LRI o Tuasg 1996).
Zn Drying 1242114 1000971 Zincite structure 9UNIANTINAUD ~ 30 (Narayanan, 1990)
(CH,COO0),(NH,),COiaz | isaioaoun1usou 357 1ug uTuaslszgna lFnudmsy
v
PEG10000 a3aza181in 45009 BT Photocatlyst
ZnSONH HCO tagEthanol | Drying overnight 1009371 Wurtize structureYUIARAN 9-20 U111 (Willeke, 1992)
Precipitation aFeAOUANNTOU 300-500 | AT 1Ay D~12 W1 TuNAs
IR IB AL
Zn(CH,COO),tag NH,Dagq. | Precipitation temperature 8504f1 | Hexagonal structure g‘]Ji'NL“TJuLL‘ViQ (Rod) | (Bender, 1993)
B Drying 1052 139 60 Flower-like YW1ANANL=150 U1 TUIUAT
LGB RE D=200 11 11INAT
ZnCL,NH,OH!lagCTAB 1 96 ‘]?’Jill\‘lﬂ‘]_lﬂinll%}@u2 Zincite structure VUIANAN (R. Hezel, 1995)
%7139 50009A A IHO A 54-60 W1 1UINAT
Precipitation - . >
- A Zn(NO,), NaOH SDSuag Precipitation 50-55 UIN g‘]JiNﬂmeLWNL=3.6 TuTaswes (D. Sarti, 1995)
A150ALLTIAINY . L
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NG DG G|
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Hexagonal wurtize structure
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(Morales-Acevedo,

1986)

Zn-(CH,C00),2H,0
Ethylene glycol Liag

Monoethanolamine

Drying 30 117 25009 %aI%od
BUANTBU 252 1319 6000981
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I¥aLEY T

Hexagonal wurtize structure
VUIANAN 60-90 U1 TUINAT

) 9
fouauUed IQE FIANNYINAUTY

(Phanuwat, 2012)
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Solvothermal
(HMTA) concentration 0-200 ppm
hydrothermal 1o - o
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Microwave o
2-ethylhexanoate TMAH 2-729 Tuaua final pH 7-10
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Microemulsiion
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iFon 1110581 Hydrolysis &9 11 luianavesigna 2 usneenvinnunaedlunialaTasou

(H,)1azueniMeaaniadni sy 1umnaz.2

OH OH
(O—HO 0—HO I o
2 —C — )
C—0—Zn—0—C—CH L G
3 H H
0 + o
+2
CH—C—O0— ] e —O— _H]
[ 3 7n . [o C—CH—0—¢ L H
0 CH

2

an¥aeMINAlRN3e1n13AIVIY (Condensation reaction) Y0IWUTE Tuiana
Muuuilfinaiuszornon Zn AU O HINDBNINIINAVWUTLDUVULIRBINUTUNA
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h / i
[CH—C—O—Z] + HO—CH—Cl—NH — (2.3)
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CH—C—O0—H + Zn— O CH—
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T
+
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a 4 a a
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Hydrolysis o® @ | Condensation of the sol particles
> el >
Polymerization ™ t'. Gelation
Solution of
precursors Sol Gel
Spin-coating Dip-coating
I I Evaporation
of solvent
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Gelation and ; y Xerogel

Xerogel film Fg ﬂL.}’] evaporation | 'a Xerogel film g
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Samplel | PSG/n/p-Si 25.26 590.9 11.69 0.783 | 11.69
Sample2 | ZnO:Bi (air)/n/p-Si 24.86 584.9 11.36 0.781 11.36
Sample3 | ZnO:Bi (FG)/n/p-Si 25.81 601.3 12.23 0.788 | 12.23
Sample4 PSG/n/p-Si/p+/A1 24.37 578.3 10.99 0.779 | 10.99
Sample5 | ZnO:Bi (air)/n/p-Si/p /Al 24.95 586.2 11.44 0.782 | 11.44
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DEVICE
Device area: 100 cm?
No surface texturing
No surface charge
Front surface optically coated
No Exterior Rear Reflectance
No internal optical reflectance
Emitter contact enabled
Base contact: 1x10+* Q3
Internal conductor: 0.2 S
REGION 1
Thickness: 380 um
Material modified from si.mat
Carrier mobilities from internal model
Dielectric constant: 11.9 B
Band gap: 1.124 eV
Intrinsic conc. at 300 K: 1x10%0 cm?
Refractive index from si.inr
Absorption coeff. from si300.abs
Free carrier absorption enabled
P-type background doping: 6x101° em3
1st front diff.: N-type, 5.022x102° cm? peak
No 2nd front diffusion
1st rear diff.: P-type. 1x10°° em peak
No 2nd rear diffusion
Bulk recombination: t, = 1, = 39.85 us
Front-surface recom.: S model, S, =S, = 1x10° cm/s
Rear-surface recom.: S model. 8, =S, =473 cm/s
EXCITATION
Excitation modified from one-sun.exc
Excitation mode: Transient, 16 timesteps
Temperature: 25°C
Base circuit: Sweep from -0.8 to 0.8 V
Collector circuit: Zero
Primary light source enabled
Constant intensity: 0.1 W cm?
Spectrum from am15g.spc
Secondary light source disabled
RESULTS
Short-circuit Ib: -2.581 amps
Max base power out: 1.223 watts
Open-circuit Vb: 0.6013 volts

Device Schematic
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ARIGEY qaanll waluana(g/mol) | ANUUTAND
lalasnunleioonlaa
H,0, 34.01 30%
(Hydrogen peroxide)
=1 4
wonTumlen'laason loa
NH,OH 35.04 30%
(Ammonium hydroxide)
nialalasnasin
HCI 36.46 37 %
(Hydrochloric acid)
msnnnz.asadlumsduaseiasazaonoanoBana(PSG)
ARIGEY gl waluanalg/mol) | ANUUIANT
NATLIONA0D INTaNA
SiC,H,,0, 208.33 99.0%
(Tetraethyl orthosilicate)
Naeanodod
CzHSOH 46.07 99.9%
(Ethyl alcohol)
1151 noesu
H,O 18.00 100.0 %
(Deionized water)
nsaneanesn
H3P04 98.00 85.0%
(Phosphoric acid)
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A v v a J d .
M5197 V1. AUAVTANIONINAT VoIa15FIA0N 1@ (Jagadish, 2006)

AuavliavesFinoon las

=
JgaCioyn

Lattice parameters at 300 K

Energy gap (eV) 3.3 3.4, Direct
a, (nm) 0.32495
¢, (nm) 0.52069
a,/ ¢, 1.602 (Ideal hexagonal structure shows 1.633)
Density (g cm”) 5.606
! o,=431x10"
Thermal expansion coefficient, K~ (300K) P
0L, =249 x 10

Thermal conductivity, K (W em K

1.02+£0.07 and 1.16 + 0.08 (Zn face)

1.10 £ 0.09 and 0.98 + 0.08 (O face)

Static dielectric constant 8.656

Refractive index 2.008, 2.029

Carrier concentration, (cm%) ~10"

Electron mobility, p_(cm’ V' s ) 200

Hole mobility, p_ (em’V's") 5-50
Exciton binding energy, (meV) 60
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Al. MIMUIVUMSIAIENAITaZA18Ethanolamine(MEA)0.7 mol/I(M)1u
Ethylene glycol (EG)
MEAANUAUTHIT % Density = 1.02 g/ml MW = 61.08 g/mol

f15aza1e 100 g = lifleas 97 g

Hiileds 0.9894 ¢

fensaza1s 1.02 g/ml

9
[ IS

AU asazane Imiliioans 0.9894 ¢

Msazanyiml Hilleas 0.9894 ¢
&
i

$ensazany 1000 ml Wiiloans 9894 ¢

1 lua = 170
waluana
= 989.4
61.06
= 16.198 mol

9
[ Y

A9y MEA Tinnududu 16.198 M

1AIMsInILN MEA 0.7 M 133104 100 ml
1INAUNS C,V,=C,V,

Tagii C, fio Anududuasasaenouionamol)

A Yy 9 v A
C, ABANMVUTIUTITALAINAUIDIN (mol/1)

Vv folsuasasazaenonineds (1)

v, fie YSuasarsazanenaaion (1)
wla (16.198M)V, = (0.7 M)(100ml)
A/ = 4.322 ml

1

9
v Y

U Aouesey MEA 151181 4.322 mludaan EG luanadal3u1as100 ml
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2. MSIA3ENTI5Zinc acetate dihydrate(ZnAc)

BT INATARUZNAC=0.7 M MW =219.49 g/mol

f130¥A18ZnAc  1mol waluana  219.49 g

$l¥asazare ZnA 0.7 mol vedealdens 153.64 ¢

1383 ZnAc 0.7 mol Tuamsazaned31as25 ml

#1582a19ZnA 1000 ml = 43 15364 ¢

14 znA Tuasazane 25ml = waealias 3.841 ¢

gt ZnAcTaututi 99.5% faiiuazdeald 3.841/0.995 = 3.860 g

%

Y U
Ay Ape¥aznActTunm 3.860 g UaUAY MEA+EG luviaiadsuases ml

f3. M3tA383 Bismuth(IIT) Nitrate Pentahydrate(Bi) NA13UNUH0.2 at%
Bi ANMAUTY 0.125 M MW = 485.07 gZnAc 0.7 M
[Bi] x 100

0.2 at%

[Bi] + [ZnAc]

[Bi] 0.002 [Bi] + 0.0014

0.998[Bi]

0.0014

[Bi] 0.0014028M

W3e  [Bi] 0.125 moll (M) luaisazaienaviva 25 ml

NNAUMI  C,V, = qV,

1 1dv, 0.28 ml

v

Yy a . =i Y 9
JUH ADIRANE1TaLa18 Bl “]Eiﬂmo.28 mlNANUINVUO0.2 at.%
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Ad. MN8N CTAB NS3an U394 0.1 wt%

1522019100ml = mihmin 0.1g

0.1g
364.5g/mol

0.27x10" mol

Tuasaza1e1511a3 100 mill CTAB 8¢ 0.27x10° mol

Ly 1000 mTl x0.27 x 10> mol

PNUU 71308018 1000 ml

100 ml
= 2.7x10" mol/l

131911 CTAB 0.1 luensazats 100 mlazia Uy = 2.7%10”° mol/I13® 2.7 mM

ZnAc MEA+EG : CTAB
0.7M 0.7M : 2.7mM
aaiueas@auTuals (Molar Ratio) Ao 1 : 1:0.0038

19383 CTAB ANty 0.1M Juwaaif3unas 10 miiin EG asliuansdagili al

519 a1 S saausIiand CTAB 0.1 Molar Juaat/3uiasvuia 10 ml

U

msaza1e 1000 ml = 1a5909dU CTAB 0.1 mol
= 0.1 mol % 364.5 g/mol

= 36.45¢g

36.45gx10ml
1000ml

= 0.3645 g

q1902018 10 ml =
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v d
@15 CTAB 415 38310ainnau3gns 96%

4 9
o3 CTAB 96 g = deallillod1s CTAB 100 g
9
1 119815CTAB 0.3645 g - _0'364;65%*1008
g

9 U
v 9 o

AU 92ARIFIEs CTAB USuar 0.380 g Tuvand5uias 10ml

Saaasazare CTAB 0.1 wt% luviaif3aas 10minazvisnadluaa Zn025 ml
MNAUMT C,V, -~ C,V,
T¥nnmududuas CTAB 0.1MIuf5i1as v, = anududuas CTAB ideenis

2.7 x 10° Mluf3inasnaniua 25 ml

25ml x 2.7x10° M
0.1M

0.675 ml

1w ldffinas v, =

Y
Al dzdodnead1sazals CTABAMME LAY 0.1 M USuiae 0.68 miad 1l lutaa znO

131781 25 ml

=i A =2 a
AT NN ﬂ1.ﬂfjmmmnm&mmiamtﬂmm CTAB

ANUTUTY ANUTUTY CTAB Molar Ratio YSnaveaas
CTAB (Wt%) (mM) ZnAc:MEA+EG:CTAB CTAB (ml)

0.05 1.37 1:1:0.002 0.34

0.1 2.74 1:1:0.004 0.68

0.2 5.49 1:1:0.008 1.37

0.3 8.23 1:1:0.012 2.06

0.4 10.97 1:1:0.016 2.74

0.5 13.72 1:1:0.02 343

1.28 35.00 1:1:0.05 8.75

NUBIMAIACMC Y93 CTAB azaelu EG = 150 mM
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41. ﬂ1‘§ﬂ1u3m1"i1ﬂ313»1&61]3»16111,!61]9\1%1’1‘51%91/‘19%1’1/\'9’5%1’ H_,,PO4

Tudn3 1991 TEOS:H,PO, = 5:1

[

' Y
dandulasdsnasvesnsannlFlumseTou aail
1

TEOS : C,(H,OH :H,0:H,PO, =5:1.5:10:1ml

e A IUINavesnsanealesn (H,PO, 85%)

asazatwnsa H,PO, 100g iitionsaog 85g HuAeiii 100g - 85g = 15g

m
H,PO, 151105 ImlwravedH,Po, 141D = — 158 m=Dxv

v

! ] v Id o 1 a aa
Tagf D =anunuiuiviioilunsuaeilaaans (%l)
= [l < @
m=u¥1aved H PO, Urieiluniu (g)

v = 51asvea s po, Iniheiiluiiaaans (ml)

wldiunavesn,po, fio my,,, = 1.69%1><1m1 = 1.69g

< a & 1.69gx85
viufo IitlonIAH, PO, = ——— % =1 4365g
| 100g
% 1.69gx15
waglilunsaH, PO, = a(z‘)%o_é =0.2535¢g
- g

9
[ Y

o 1.4365
Ay 19U Tuavednsa H, PO, = E

98 %
mol

[(IOmlxl%l) +0.2535g]

=0.0146 mol

v
oz INavestitH, 0 =

18 %
mol
* AWMV IBNIUBA (C,H,OH)
MIAYDIC,H,OH Ao m_, , = 0.79%1><1.5m1 =1.185¢
e 2 ae 1.185¢
A1y U3 19uTuaveensa C,H OH = = 0.0257 mol

46.07 V
mol

=0.5696 mol
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e MmNl Nave unnszioNiaee saaNA (TEOS)

1803 TEOS Ao myoq = 0.9338/  x5ml =4.665g

@917 T9muTuaveansa TEOS = 4665 0.0224mol

208.33%
mol

=i v U =i = a A [
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TEOS : H,0 : C,H OH : H PO, (ml) Y3119 5gNT(ml)

ons1au laglsuag 5 10 1.5 1

17.5

ons1aiuTaglualmol) | 0.0224 | 05696 | 0.0257 | 0.0146

WAL (N) vosezasurloanesd (P) 14910 N = molx6.02x 10> atoms

{ ] 1 I 1 4 a
Taof N fio ﬂ’ﬂll‘ViLﬂl,m‘uGUEN’GHSfl‘Viu’JEIL‘]J‘L!EJ3%6N@@Qﬂﬂ1ﬁﬂl%umm¢ﬁ(atomy 5)
cm

Avogadro's number NAUMINY 6.02x10% ato%ol

ANurUNIUUveezaouneaneses N = 0.0146molx6.02x10” atom%nol

phosphorus

9
[ Y

Y
1 @ @ <
aai o2 Idanunuiuvesanseneanesaluasazais 17.5ml vo35udU Ao

N = 8.789x10*'atoms

phosphorus

~ 8.789x10™atoms

phosphorus -

—— =5.022x]0" atoms/”
17.5cm cm

nio N

mol
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Synthesis of surfactant-assisted nanostructured Bi-
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Abstract Nanostructures are expected to have more potential
applications for the functional electronic devices and to obtain
the novel opto-electronic properties. Therefore, many researches
have been attempted to synthesize nanostructured ZnO in a
controllable properties such as namocrystal size, optical and
electrical properties in order to gain the variety of
microelectronic applications. This work studies the effect of
surfactant on the surface quality, structure and photo-sensing
properties of Bi-doped ZnO synthesized by sol-gel spin coating.
The experimental was carried out a mixture solution of bismuth
nitrate pentahydrate and zinc acetate dehydrate as precursors
for Bi-doped ZnO film. Meanwhile, Cetyltrimethylammonium
bromide (CTAB) as a surfactant has been used for quality

k of the obtained Bi-ZnO films. The variation in
surface morphologies and electrical conductivity was found with
the different CTAB quantity. By using 2-probe technique with
screen-printing to fabricate the metal contacts, the photocurrent
of Bi-ZnO film was enhanced by 10° times under the low
illumination intensity 17.7mW/cni® comparing with the current
under the dark condition. The result is suggested that CTAB is
an important role to assist the quality of Bi-doped ZnO film
surface and to improve the photocurrent. Therefore, the
prepared Bi-doped ZnO film with CTAB assisted is useful for the
effective guidance in the further inv ion of photo- i
devices.

Keywords Surfactant; Bismuth dopant; Zinc oxide; Photo-
sensing

I. INTRODUCTION

Zine Oxide (ZnO) thin film 1s n-type semiconductor with a
direct energy band gap of 3.2-3.3 eV and Exciting binding
energy of 60 meV at room temperature. ZnO nanostructured
film can be fabricated by several techniques such as Plasma-
assisted molecular beam epitaxy [1], RF sputtering deposition
[2]. pulse laser deposition [3], chemical vapor deposition [4],
spray pyrolysis [5], and sol-gel method [6-8]. ZnO is widely
applied as a photoconductor, UV optoelectronics, laser and
photovoltaic applications because of its resistivity values in the
wide range from 102 to 10° Q.cm and its high photo-response
depending on the quality of film surface.

In this work, Bismuth (Bi) doped-ZnO thin films were
prepared by the surfactant-assisted sol-gel method and coated
by spin-coating technique. As the previous work [11], 0.2 at.%
Bi-doped ZnO thin films which were prepared by surfactant-

free sol-gel method, had been poor surface quality with large
cracks. The poor surface quality can be affected to the
electrical and optical properties of thin films. In this paper, Bi-
doped ZnO thin films were prepared by using
Cetyltrimethylammonium bromide (CTAB) as a surfactant
assisted in the sol-gel method and subsequently coating by a
spin-coating  technique. The surface morphology and
photocurrent measurements were studied in order to investigate
the evaluation of the photo-generated electron-hole carriers
within CTAB assisted Bi-ZnO film. Furthermore, the aim is
also to investigate the effect of CT AB amount on the quality of
the film surface and the photocurrent in order to achieve the
optimal surfactant concentration for the effective guidance in
photo-sensing applications. Bi-doped ZnO thin films were
prepared on fuse quartz substrates with the size 18x18 mm®.
The annealed films were measured by SEM (JEOL JSM6010)
with magnification of 10,000 times. Electrical current density
and voltage characteristic of the prepared films was verified by
a 2-probe technique with screen-printing metal contacts under
the voltage bias between -30V to 30V. The automatic J-V
measurement was controlled by the programmable electrometer
(Keithley 2400) through GPIB port series. Under illumination
condition, the light source is from halogen lamp with the light
intensity of 17.7 mW/cm®.

II.  EXPERIMENTAL DETAILS

The Bi-doped ZnO gels were synthesized from Zinc
acetate dihydrate (Zn(CH;COOQ),.2H,0, Ajax Finechem)
a ZnO precursor and Bismuth nitrate pentahydrate
(Bi(NO3)3.5H,0, 98% Fluka) as a dopant. The 0.7 M of Zinc
acetate dihydrate was prepared in 0.7 M of monoethanolamine
(97.0%, Ajax Finechem, MEA) in Ethylene Glycol (99.5%,
CARLO ERBA, EG) solution. The Zn: MEA ratio was kept at
1.0. Then, CTAB as a surfactant was added with varying
concentrations of 0 wt% (0 mM), 0.05 wt% (0.137 mM), 0.1
wt%e (0.274mM), 0.2 wt% (0.549 mM) and 0.3 wt% (0.823
mM) in the gel solution before adding the bismuth nitrate
solution for 0.2 atom% doping concentration. Schematic
diagram of the sample preparation of Bi-doped ZnO based on
spin coating technique is shown in Fig.1. The mixing solution
was stirred at 80°C for 1 hour and then aged at room
temperature for 12 hours to obtain the clear gel.
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| 0.7M MEA+EG || 0.7MZnA

| 0.2 at% Bi || 0-0.3 wt% CTAB |

Stirring at 80 °C for | hr
Aging for 12 hr

ZnO sol-gel

Fig. 1. Schematic diagram of preparation of CTAB assisted Bi-doped ZnO
sol-gel

Zn0 sol-gel

Recoated 3 layers

7n0 thin films

Fig. 2. Preparation diagram of Bi-doped ZnO thin films on fuse quaitz
substrate including 3 film layers.

The fused quartz substrates were carefully cleaned by
Ratio Corporation of America (RCA) process for removing the
organic and metal contaminant . After aging the gel, the gel
was coated on a cleaned quartz substrates (size W18 x HI8
mmZ) by using spin-coating technique at 500 rpm for 15 sec
and 3000 rpm for 30 sec, respectively. The thin films were pre-
baked at 250°C for 30 min for drying the film before repeat
coating for 3 times as shown the process step in Fig. 2. The Bi-
doped ZnO thin films were annealed at 600°C for 2 hour in air
that is an appreciate condition to form Bi phase into the
nanostructure [11]. The film thickness was verified by using an
optical profiling system (Veeco WYKO NT1100)

In the morphology measurement, the samples were coated
by gold with using ion sputtering device (JEOL JFC-1100E).
The morphology of the Bi-doped ZnO thin films were

investigated by a scanning electron microscope (JEOL JSM-
6010) operating at 20kV.

III.  RESULTS AND DISCUSSION

A. Surface morphology

Fig.3 shows the surface morphology of Bi-doped ZnO thin
film prepared by sol-gel method with different concentrations
of assisted CTAB. After annealing at 600°C, films prepared
from the gel without CTAB showed the poor surface quality
with many large cracks and voids as shown in Fig. 3 (a). With
adding CTAB surfactant in the gel, the surface of thin film
samples show good surface without cracks and voids as shown
in Fig. 3 (b) and (c) for gel adding 0.05 (0.137 mM) and 0.1
wt.% (0.274 mM), respectively. However, adding CTAB
surfactant 0.3 wt% (0.823 mM) showed poor surface as shown
in Fig. 3 (d). It is mostly due to that ion-pairs of Zn(OH),” "
and CTA" were constantly adsorbed and detached from the
surface [9-10,12].

Fig. 3. SEM micrographs of the Bi-doped ZnO thin film prepared by sol-gel at
different CTAB concentrations: (a) without CTAB, (b) 0.05 wt%CTAB, (c)
0.1 Wi%CTAB, (d) 0.3 Wi%CTAB

B. Electrical property

The average thicknesses (d) were about 150, 158, 168,
177 and 193 nm for 0, 0.05, 0.1, 0.2 and 0.3 wt%CTAB
samples, respectively. The electrical current density (J = I/A)
and voltage characteristic of Bi-doped ZnO thin film prepared
assisting CTAB with various concentration values was
verified by using a 2-point probe technique as shown in Fig. 4.
The comparison of J-V curves under dark and illumination
was discussed. It was found that the film contained 0.1 wi%
CTAB obtained the highest current density level. This is due
to less defects with the quality of Bi-ZnO nanostructure which
has agreement with the SEM images. Moreover, it was found
the enhancement of the current density under illumination by
10° times. It is noted that photo-generation of electron-hole
carriers in surfactant assisted Bi-ZnO nanomaterial has
potentiality for photo-sensing thin film device. The our results
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have an agreement with the result of ZnO film in the previous
work [13].

10' 4
—8—0.0wt%Light CTAB
—a—0.05%t%
10° —A—0.1%t%
—~ —0—02%t%
= —*—03wt%
E —0—0.0wt%Dark CTAB
[P —0—0.05%t%
2 —A—0.1%t%
E —0—02wt%
3 ——03wt%
= 10° oA
5
O
10°
10° T T T T T 1
[+] 5 10 15 20 25 30
Voltage (V)

Fig. 4. Current density of the ZnO:Bi thin film adding CTAB concentration
under illumination (solid line) and the dark (open line) conditions.

Fig.5 shows the electrical resistivity (p) and the
conductivity (o) of Bi-doped ZnO thin with various CTAB
concentrations under illumination condition. Due to the slope
of the J-V relating to resistivity value as described in the
equation (1), the resistivity and conductivity were calculated.
The existence of CTAB results in the decrease of the
resistivity of the films from about 130 to 50 Q.cm from adding
free CTAB to 0.10 wt% CTAB. This is due to that the CTAB
surfactant was bonding into Bi-ZnO nanostructure, effectively.
The resistivity commences increasing when the increase of
CTAB concentration reaches to CMC value of CTAB. The
higher resistivity can result from the poorer quality of the film
surface with unsuitably high CTAB concentration. Therefore,
the optimal amount of CTAB is 0.1wt% or 0.274mM to obtain
the least resistivity for CT AB-assisted Bi-ZnO film.

S B _ R 0
l 1
1
== 2)
Yl

R isthe electrical resistance

A isthe active area of the electrical measurement
W is the diameter of the electrode.

d is the average thickness of the film

! isthe distance between of the two electrodes

where
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Fig. 5. Electrical resistivity and conductivity of Bi-doped ZnO thin films
under illumination at 0.0177 watt/cm’

IV. CONCLUSIONS

In this study, photocurrent measurement was demonstrate
for Bi-doped ZnO thin films prepared by CTAB assisted sol-
gel method. The thin film in thickness order of a few ten or
hundred nanometers can be produced by spin coatings
technique. From SEM micrographs, the films showed good
surface quality without any cracks compared to that one
without CTAB. Moreover, the optimal CTAB concentration
assisting in the sol-gel method was 0.1 wt% for 0.2 at% Bi-
doped ZnO thin film. This demonstration conducted to
improve the photocurrent enhancement of the thin films by 10°
times under white light source with the low illumination
intensity of 17.7mW/em? comparing with the current under the
dark condition. The result is suggested that CTAB is an
important role to assist the quality of Bi-doped ZnO film
surface that correlates to the enhancement of the photocurrent.
Thus, Bi-doped ZnO film with CTAB assisted based on spin-
coating technique is useful for the effective guidance in the
further investigation of low-cost photo-sensing devices.
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Abstract— For fabrication of zinc oxide-based optoelectronic
devices, especially solar cells, the development of cost—effective
and low-temperature synthesis techniques for the deposition of
high guality ZnQ films is paramount. In this paper,
incorporating Bi-doped ZnO films was prepared by the sol-gel
spin coating method. The optical constants of the prepared thin
films depend on the synthesis conditions. XRD) measurement
show that a high quality of ZnO:Bi nanostructure have
preferably grow along (002) direction. The Zn(O:Bi thin films
were fabricated as antireflection coatings (ARCs) for solar cells.
The nanoscale morphology altered through the different Bi
content in the films, has a great effect on the macroscopic ARC
performance. The optical constants as refractive index and
extinction coefficient are determined through the transmittance
and reflectance spectra. Textured Zn(:Bi films with average
thickness ranging from 87 nm to 94 nm present a broadband
reflection suppression from 400 to 1100 nm wavelength. The
refractive index around 1.31-1.47 estimated is appropriate to an
ARC layer for Sisolar cells.

Keywords— nanocrystal, Zinc oxide, anti-reflection coating,

texturization.

1. INTRODUCTION

Antireflection (AR) coatings approach the optical
loss from the light reflection in solar cells. The AR
coatings play a major role in enhancing the solar
cell efficiency by increasing light-trapping in the
active region of the devices. Silicon nitride as a
dielectric ARC material is widely used to reduce
reflection in the industry standard. However it is
only effective for a narrow wavelength range of the
solar spectrum around 600 nm [1]. Gradient index
of refraction {#) coating can produce the broadband
AR coating with using multiple thin layers or nano-
porous media [2]. Nevertheless, there are intrinsic

978-1-4799-0545-4/13/%31.00 ©2013 IEEE

absorption issues and expensive fabrication such as
a laser assisted evaporation and a sputtering to be
not a practical solution [3-4]. Therefore, it is
necessary io use a novel way to create a gradient
index of refraction between two media. In this
approach, highly textured zinc oxide (ZnO) films
may be applicable to a wide variety of solar cells
and other antireflection applications [5-6].

Zn0 is more attractive as a dielectric AR coating
material since its good transparency in the wvisible
range and the resistivity values in the wide range of
10* - 10" Q.cm with a direct energy band gap of
3.2 - 3.3 eV at room temperature [7-8]. In addition,
its refractive index has an appropriate for using as
an AR coating for ¢-Si solar cells [2.6].

Doped Zn0O films have been attractive since their
great  potential applications in  transparent
conducting electrodes (doping group B elements
or flourine) [9] and insulating or ferroelectric layers
(doping Li, Bi or Mg) [10] in optoelectronic
devices. Bismuth has been an important impurity in
ZnO for varistor device application. Owing to much
bigger radius of Bi** (0.103 nm) than that of Zn*
producing the large mismatch in lattice constants,
the conductivity of ZnO:Bi material changes to
semi-insulating. Thus, Bi doping in ZnO is carried
out to control the resistivity for electrical
applications [11]. However, Bi doping in ZnO
denoted as ZnO:Bi has not been extensively studied
for dielectric AR coating in solar cells.

F. X. Xiu al er deposited Bi-doped ZnO thin
film by using a molecular-beam epitaxy method
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[12]. They reported that the highest electrical
resistivity, Hall mobility, and electron concentration
were found to be 4.3 Q-cm, 15.9 cm®V s, and
9.1x10% em™, respectively, at room temperature,
According to this report, the films showed a
dramatic reduction of electron concentration with
the increase of Bi incorporation because of isolated
Bi from Zn. The previous report indicated that the
decrease of resistivity for ZnO:Bi films prepared by
an ultrasonic spray pyrolysis exhibited with
increasing Bi content in the low Bi concentration
level and reached its minimal resistivity value, then
it increases with further increase in the doping level
|13]. A critical Bi level to change the downward
trend to the upward trend of resistive value depends
on the deposition process.

In thig study, ZnO:Bi nanostructures fabricated
on thin films by using a sol-gel spin coating process
are reported. Bi doping level in the range of 0-2.0
at.% is considered in this work because high Bi
concentration affects the crystal quality. The
dependence of the optical and electrical properties
of the films is investigated as a function of Bi
concentration. In addition, XRD studies are
considered to verify crystal quality and average
nanocrystal size. ZnO:Bi nanostructures may be
used as both of AR coating and light trapping in
solar cells to enhance the energy conversion
efficiency based on low- manufacturing costs.

II. EXPERIMENTAL DETAILS

ZnO thin films were prepared by sol-gel spin
coating technique using a starting solution of zine
acetate dehydrate (Zn(CH;COO); 2H,0) with
0.7M concentrations diluted in the mixture of
ethylene glycol and monoethanolamine (MEA).
The molar ratio of zinc acetate dehydrate to the
solvent was kept at 1.0, Bismuth nitrate
pentahydrate (Bi(NOs)3-5H,0) used as dopant
source is added with a small amount in the starting
solution. The fabrication process of undoped and
Bi-doped ZnO films by sol-gel process was detailed
in the previous report [14]. The Bi doping level in
the solution was varied by changing the atomic (%)
ratio (Bi/Zn) from 0 to 1.0 at%. The prepared gel
aged at room temperature for 24 hours was coated
on a cleaned quartz substrate. The atomic
percentage of Bi doping in ZnO solution were 0,

02, 04, 0.6, 1.0, and 2.0 at%. The films were
prepared by using spin coating technique at 2500
tpm for 10 sec. The thin films were pre-baked at
100°C for 30 minutes in an oven to evaporate the
solvent and remove organic residuals. Finally, the
prepared films were annealed in a furnace at 600° C
in the ambient air for 2 hours. The film thickness
was verified by using an optical profiler (Veeco
WYKO NT1100).

The crystallite quality of the ZnO:Bi films was
examined by the X-ray diffractometer (RIGAKU
TTRAX III) with a Cu-Ka radiation (A = 1.54059
A). The transmittance and reflectance of the films
deposited on quartz substrate were measured in the
UV-vigible region by wusing the UV-VIS
specirophotometer with an integrating sphere mode
(AJUK SPECORD 250+222P133) from 300 nm to
1100 nm wavelength. For the transmittance and
reflectance measurements, the optical spectra of all
samples were compensated by those of the quartz
subsirate. The optical band gap, E, was obtained by
extrapolating the high absorption region of the
curve to the energy axis.

III. RESULTS AND DISCUSSION

A. Structuwral Characterization

Fig.1 shows the XRD patterns of the undoped
and Bi-doped films. The XRD pattern of the
undoped Zn(} film corresponds to diffraction peaks
of polycrystalline ZnO at (100}, (002), (101), (102),
110, and 103 planes (JCPD card 36-1451). As can
be seen in Fig.l, only the (002) peaks are observed
in the XRD patterns for 02-1.0 at.% Bi conditions.
It suggested that the films are highly textured along
the c-axis and perpendicular to the suwrface of the
substrate. The decrease of the (002) peak relative
intensity for 0.2-1.0 at.% Bi was found. Moreover,
the ZnO:Bi with 2.0 at.% Bi concentration sample
presents the similar to the undoped ZnQO pattern.
This result is in agreement with the previous studies
reported about the re-orientational effects from
increasing dopant concentration as well as
increasing Zn incorporation [15,16]. The crystalline
grain size has been calculated from XRD pattern
using Scherrer’s formula [17]. The average
crystallite size in the size range between 14.6 nm
and 26.3 nm was obtained.
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Fig. 2 Transmittance and reflectance spectra of undoped ZnO and Bi-doped
ZnO films with the different Bi concentration

B. Transmittance and Reflectance properties

According to the quality of crystallographic
orientation in XRD, the undoped ZnO and Bi-doped
Zn0 films with 0.2-1.0 at.% Bi concentration were
studies in ARC response. The transmittance and
reflectance spectra are shown in Fig. 2. It was found
that all samples exhibited high transmittance
spectra over 60% in 380-1100 nm wavelength
range. In particular 1.0 at% Bi-doped film, the
maximal T% above 85% and the minimal R%
below 5% were observed. It was found that the
amount of Bi dopant is not proportionally relative

to T% and R% spectra but the significant
differences in film morphology are caused by
changing the synthesis conditions. The micrographs
of the surface morphology of Bi-doped ZnO films
grown at different Bi conditions are shown in Fig.
3. For 1.0 at%Bi film, its surface roughness was
lower than the other films and the smaller porous
structure can be seen in Fig. 3(d). As a result of the
differences of the surface morphology, the
macroscale ARC response can be altered.

Fig. 3 Scanning electron microscopy (SEM) images of the ZnO:Bi thin films
deposited at different Bi concentration: (a) 0.2 at.%Bi film, (b) 04 at.%Bi
film | (c) 0.6 at.%Bi film , and 1.0 at%Bi film

The photon absorption coefficient (o) of ZnO:Bi
films was determined by a transmission
measurement. Shallow-level impurities respond
much more effectively to optical measurements.
The absorption coefficient (¢) is defined by [18];

1 [-R)+TR* -(1-R)

o =—In =
d 2TR”

(3)

where d is the thickness of the film, R and T are the
reflectance and transmittance, respectively.

The prepared Bi-doped ZnO thin films for ARC
layer have the average thickness in the range of 87-
94 nm. It was not found the significant effect of the
film thickness on the variation of Bi concentration.
The optical constant values as refractive indices (#)
and extinction coefficient (k) of the thin films are
related to the reflectance by [18];
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7(n-l)2+k2 4
TS T b

where £k is the extinction coefficient is related to the
exponent decay of the wave as it passes through the
medium and is defined to be k =ai/4zi. A is the
photon wavelength.

The refractive index, n and the extinction
coefficient, £ of ZnO:B films as a function of
wavelength is given in Fig. 4 and 5, respectively. It
was found that the decrease of the refractive index
with the increase of wavelength agrees with the
results from using Sellmeier formula [19]. The
refractive index and the extinction coefficient
depend on the differences in film morphology
caused by changing the Bi concentration in
synthesis conditions. At the wavelength of 600nm,
the » value of ZnO:Bi nanostructure ranging from
1.31 to 1.46 was obtained. The »n values are less
than a crystal ZnO bulk (n ~ 2.0) as a result of a
rough and porous structure of the ZnO thin films
which is similar to the previous report [19].
However, the low refractive index of the medium
7ZnO:Bi as an ARC layer can be appropriately used
in Si solar cell application.

C. Optical Band gap; E,

For a direct gap semiconductor such as ZnQO, the
optical band gap, £, can be determined from
transmittance and reflectance measurements. E, is
determined by extrapolating the straight line portion
of the spectrum to a(hv) = 0 [18].

1

alhv)=Clhv—E, o (5)

where C is a constant for a direct transition of
photon energy. The variations of o versus hv in the
fundamental adsorption region were plotted in fig.
6. By increasing the Bi concentration, the
significant change of the absorption edge
disappeared as compared with an undoped film.
From drawing, the optical band gap, E, values were
evaluated as 3.28eV slightly deduced in the
comparison with a crystal ZnO bulk as 3.31 eV.
The E, results suggested that ZnO:Bi with the
different Bi content is ineffective to E, shift because
the dimensions in the crystallite size ranging from

87 nm to 94 nm are too large for the confinement
effect.
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Fig. 4 Wavelength dependence of the refractive index of the ZnO:Bi films
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The optical constant values considered at 600 nm
wavelength and the optical band gap values of the
7ZnQO:Bi thin films were given in Table 1.

Table 1 The optical data results of the nanocrystalline ZnO:Bi
films

Bi content %R n k £, | Thickness Crystal
aL% ev (nm) size (nm)

0 279 | 1.40 | 0017 | 3.28 91.27 20.33

0.2 272 | 1.39 | 0017 | 3.27 89.24 16.63

0.4 336 | 145 | 0.018 | 3.28 93.73 16.60

0.6 3.57 | 1.47 | 0.015 | 3.28 87.41 16.83

1.0 1.81 | 1.31 | 0.015 | 3.28 90.34 14.64

IV. CONCLUSIONS

In summary, ZnO:Bi thin films prepared via low
temperature aqueous solution deposition were
fabricated for ARC layer. The low Bi content
ranging from 0.2 to 1.0 at.% resulted in the good
crystallite quality owing to Bi well incorporating in
7ZnO  structure. The differences in the film
morphology are caused by changing the Bi content
in the synthesis conditions. It showed that the
presence of the rough and porous structure resulted
in the broadband suppression of reflectance of
1.81% and good transparency in visible wavelength
for a 1.0at.% Bi-doped ZnO film. Therefore, the
results suggested ZnO:Bi nanostructure has a good
light-trapping and an appropriate ARC properties
for c-Si solar cells in order to minimise reflection
for broadband wavelength.
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ANNELAING ATMOSPHERE OF BISMUTH DOPED ZINC OXIDE THIN FILMS
PREPARAED BY CTAB-ASSISTED SOL-GEL MIETHOD
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Bismuth (Bi) doped ZnO thin films were prepared by using surfactant assisted sol-gel method and deposited on the
fused quartz substrate by spin coating technique. Cetyltrimethylammonium bromide (CTAB) was used as a surfactant for
the preparation nanocrystalline Bi-doped ZnQ films. The annealing in air and forming gas (95% N2, 5%H2) atmospheres of
Bi-doped ZnO films at 600°C were studied through the characteristics of the physical and electrical properties of thin film.
Even though the surface morphology was small changes regardless of annealing atmosphere, the increase of electrical
properties was remarkably suppressed in the annealing atmosphere of forming gas. The results showed that the annealing
in forming gas was much better way than in air for Bi-doped ZnO thin film prepared by CTAB-assisted sol-gel method.

Keywords: Zinc Oxide, Bismuth doped Zinc Oxide, Thin films, Surfactant, Sol-gel method

INTRODUCTION

Zinc Oxide (ZnO) thin film is n-type semiconductor
with a direct energy band gap of 3.2-3.3 eV and Exciting
binding of 60 meV at room temperature. Zn0O
nanostructured film can be fabricated by several
techniques such as Plasma-assisted molecular beam
epitaxy [1], RF sputtering deposition [2], pulse laser
deposition [3], chemical vapor deposition [4], spray
pyrolysis [5], sol-gel method [6-8]. ZnO is widely applied as
a photoconductor, UV optoelectronics, laser and
photovoltaic applications. In this work, Bismuth (Bi) doped-
ZnO thin films were prepared by the surfactant-assisted
sol-gel method and coating by spin-coating technique. As
the previous work [9], 0.2 at.% Bi-doped ZnO thin films
which were prepared by surfactant-free sol-gel method,
had been poor surface quality with large cracks. The poor
surface quality can be affected to the electrical and optical
properties of thin films. Yan-Xiang Wang et al reported ZnQ
nanopowders  synthesized by hydrothermal and
solvothermal method by using Cetyltrimethylammonium
bromide (CTAB) as surfactant [10]. The results showed
that the presence of CTAB could greatly vary the shape of
the ZnO crystals. Another results showed that CTAB
played a significant role in the formation of ZnO rods [11].

In this paper, Bi-doped ZnO thin films were prepared
by using Cetyltrimethylammonium bromide (CTAB) as a
surfactant assisted by the sol-gel method and coating by
spin-coating technique. The aim of this study is to
investigate the effect of CTAB concentraion and the
annealing atmosphere on the quality characteristics of the
Bi-doped ZnO films, and get the optimal surfactant
concentration for fabricating qualified Bi-doped ZnO films
used in photo-sensing applications.

EXPERIMENTAL PROCEDURE

Synthesis of Bi-doped ZnO by CTAB assisted Sol-gel
method

The Bi-doped ZnO gels were synthesized from Zinc
acetate dehydrate (ZnAc) (Zn(CH:COQ)2.2H:0, Ajax
Finechem) as the ZnO precursor and Bismuth nitrate
pentahydrate (Bi(NOz)2.5H20, 98% Fluka) as the dopant.
Briefly, 0.7 M of Zinc acetate dihydrate was prepared in 0.7
M of monoethanolamine (97.0%, Ajax Finechem, MEA) in
Ethylene Glycol (99.5%, CARLO ERBA, EG) solution. The
Zn:MEA ratio was kept at 1.0. Then CTAB as a cationic
surfactant was added various concentrations of 0 wt% (O
mi), 0.05 wt% (0.137 mM), 0.1 wt% (0.274mM), 0.2 wt%
(0.549 mM) and 0.3 wt% (0.823 mM) in the gel solution
before adding the bismuth nitrate solution for 0.2 atom%
doping concentration. The preparation process of Bi-
doped ZnO based on the spin coating technique was
shown in Fig.1.

The fused quartz substrates were carefully cleaned by
Ratio Corporation of America (RCA) process for removing
the organic and metal contaminant as following the
previous work [9]. After aging the gel, the gel was coated
on a cleaned quartz substrates (size W18 x H18 mm) by
using spin-coating technique. The thin films were pre-
baked at 250C for 30 min for drying the film befor e repeat
coating for 3 times. The Bi-doped ZnO thin films were
annealed at 600C for 2 h in air and forming gas. T he film
thickness was verified by using an optical profiling system
(Veeco WYKO NT1100). Surface morphology of film
samples was observed by using Scanning Electron
Microscope (SEM). An X-ray diffraction (XRD) apparatus
with Cu K line was used to monitor the crystallinity of the
films. The electrical properties was measured under the
dark and the illumination.
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| 0.7 M ZnAc in 0.7 M MEA + EG solution |

Add 0 -0.3wt% CTAB

Doped 0.2 at% Bi

| Stirring at 80 °C for 1h |

¥

| Aging at room temperature |

ZnO sol-gel

Spin on the fused quartz substrates, pre-baked at

i

250 for 30 min before repeat coating for 3 times.

v

Annealing in air and forming gas at

600°C for 2 h

Fig. 1 Preparation of Bi-doped ZnO sol-gel assisting
CTAB method

RESULTS AND DISCUSSION
Structural and morphological analysis

Phase identification of the Bi-doped ZnO thin films
was done with X-ray diffraction analysis. For brevity only
the diffraction patterns corresponding to the sample
prepared without CTAB, 0.3 wt% CTAB annealed in air and
0.3 wt% CTAB annealed in forming gas are shown in Fig.
2.

;: g 8
E g
“E 0.3 wt% CTABIn forming gas
§ : / = e N
£ I 0.3wi% CTAB in air
Without CTAB
T T T T
30 40 50 60
2-Theta (deg.)

Fig. 2. XRD pattern of the Bi-doped ZnO films after
annealing at 600°C

In spectra all the peaks can be indexed to the
hexagonal wurzite structure of ZnO which are consistent
with the values in the JCPDS data card (card no. 36-1451).
Furthermore, all samples clearly reveal the c-axis
orientation in (002) plane for wurzite ZnO structure. It
indicates that due to the annealing in the forming gas the
height peak comresponding to the (002) decreased as
compared to the samples annealed in air. F. Wu et al. also
reported that the average crystal sizes calculated from the
FWHM of the (002) peaks of Ga-doped ZnO films
annealed in air at 800°C obtained the best crystallinity and
the largest crystal size as compared to that annealed in
nitrogen at the same temperature [12].

Fig. 3 (a) and (b) show SEM images under x10,000
magnification of the Bi-doped ZnO films with 0.1 wt%
CTAB annealed in the different atmospheres. The fim
annealed in the air atmosphere (Fig. 3(a)) composed the
aggregated particular while the film annealed in the
forming gas showed the better smooth surface without the
small gaps.

Fig. 3. SEM images of the Bi-doped ZnO film with 0.1
wt% CTAB after annealing at 600°C (a) in air and (b) in
the forming gas

Electrical properties

The changes in the electrical properties of Bi-doped
ZnO thin films with various CTAB concentrations assisting
sol-gel method and different annealing atmosphere are
shown in Fig. 4. The current density of the film samples
annealed in the forming gas had higher than that annealed
in air. It found that the optimal of CTAB concentration for
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0.1 wt% annealed in the forming gas had the highest
current density. With increasing CTAB concentration in sol-
gel process, the current density decreased as reported in
the previous work [13].

Y
Y
Kok

Current density (A/em’)

Voltage (V)

Fig. 4. J-V characteristic of Bi-doped ZnO thin films
with various CTAB concentrations annealed in air and
forming gas condition under illumination.
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Fig. 5. J-V Characteristic of Bi-doped ZnO thin films
prepared by CTAB assisted sol-gel method annealed in
different atmosphere under dark and illumination

The results of photocurrent measurements are shown
in Fig. 5. Under illumination, an increase in the current was
observed for all the films. The response in photocurrent
could be explained by photo excitation of electron from
valence band into conduction band. The maximum
photocurrent was obtained for the film prepared by 0.1 wt%
CTAB assisted sol-gel method annealed in the forming gas
condition, and the minimum photocurrent was observed for
that film without CTAB assisted sol-gel method annealed
in air. In this study, the annealing of the films in the forming
gas atmosphere could be increased the nitrogen density in
ZnO by hydrogen passivation.

CONCLUSION

Changes in the crystallinity, surface morphology and
electrical properties of the Bi-doped ZnO thin films were
studied as a function of CTAB concentrations and
annealing conditions. Substantial improvement in the
electrical properties could be achieved by annealing in the
forming gas (95%N2, 5H2) without noticeable changes in
the surface morphology of the Bi-doped ZnO thin films. In
this study, it is suggested that the CTAB assisted sol-gel
method and annealing in the forming gas would be an
effective way of modifying the electrical properties of the
Bi-doped ZnO thin films.
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