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ABSTRACT

In this study, Bismuth (Bi) doped ZnO thin films regedeposited on quartz substrates by a sol-gel spin
coating method and annealed at different anneaéngperatures of 200, 300, 400, 500, 600 and 700°C,
respectively. Structural and optical properties nainocrystalline Bi-doped ZnO film on quartz were
investigated by using X-Ray Diffraction (XRD), Scémg Electron Microscope (SEM) and UV-VIS
spectrophotometer. The high annealing temperatdre/09°C as acritical temperature causes the
crystallographic reorientation plane in ZnO:Bi nammocture mostly due to the initial formation ofeth
polycrystalline phase with the inter-grain segragabf Bi dopant atoms. Bi-incorporating ZnO filmsth

an increase in annealing temperature resultethineawavelength shift of the photon absorption edde
optical band gap of the films was increased froi273eV to 3.34 eV. By decreasing the annealing
temperatures from 700 to 200°C, the grain sizeiafdped ZnO decreased from 18 nm to 8 nm. The teffiec
the annealing temperature on the electrical condiychad been considered. The low electrical cantigity

of 0.9 Q.cm)™* was obtained for Zn0:0.2 film annealed at 600°€wgood nano-crystallization. However,
the Bi-doped ZnO films prepared by cost-effectipa £oating technique provided to have a very fpgbton
absorption coefficient (fa10° cm™) and did not appreciably affect the optical tramepcy. ZnO films doped
with 0.2% at. Bi can be used as a high resistiieblayer for solar cell application.

Keywords: Zinc Oxide, Nanostructure, Bismuth Doping, Sol-Gethnique, Thin Film, Solar Cells

1. INTRODUCTION surface acoustic wave, acoustic optic and optical
wave-guide devices (Chatal., 2010)
Zinc Oxide (ZnO) thin film is a direct energy band In a role of anti-reflection coating layer for

gap of 3.2-3.3 eV at room temperature. Due to itsphotovoltaic application, nanostructured ZnO exhilain
features such as good optical transparency in iibler excellent surface texture and can improve the sadr
wavelength range, the values of electrical reststain short circuit current to 5.7% (Aet al., 2010). The
the wide range of T6-10"Q.cm. Bahsi and Oral (2007) textured ZnO layer showed an effective light trapi
and environmental stability, ZnO is widely applied a  property but the films required a high deposition
transparent conductive electrode, an electrontseddayer  temperature (Wangt al., 2012). In addition, with a
(Chenget al., 2012) and a window layer in electronic and changing optical band gap of nanocrystalline Zn@{N
optoelectronic applications. Moreover, a structural ZnO), the different band gaps of the active NC-ZnO
characteristic of the ZnO films as the highly layers give rise to a utilization of wide rangetlo¢ solar
preferential orientation along the c-axis is useful  spectrum for the development in tandem cell stmectf
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thin film and polymer solar cells (Past al., 2009). purpose of this study is to investigate the evolutof
ZnO was reported to have an important role of athe optical and electrical properties of ZnO:Bi
highly resistive buffer layer in power conversion nanostructure with annealing conditions, concertireg
improvement for the Cu(In,Ga)Send the organic effectiveness of Bi incorporation in particular. €rh
solar cells (Parket al., 2009). The increasing current-voltage characteristic of ZnO:Bi films aitd
resistance in the shunt ZnO path has been invéstiga dependence on the strain along the c-axis andatryst
in order to decrease the current leakage. Byduality are also discussed.

incorporating the highly resistive ZnO, the thilmfisolar

cells showed a 16% efficiency. 2. MATERIALS AND METHODS

ZnO nanostructures can be synthesized by severa£ .

methods such as sol-gel (Ngt al.,, 2012), .1. Precursor Preparation

hydrothermal synthesis (Schlet al., 2013), thermal ZnO:Bi solution was prepared from zinc acetate
deposition, plasma (Zhang al., 2013) or sputtering  gihydrate (Ajax Finechem) and Bismuth nitrate
ﬁhang et al., ﬁOll).tAlngosthallhlthe szpa;_ed ZnOd pentahydrate_[Fluka) used as starting chemicals. The
ims were shown 1o D€ highly conductive and q 7y 7no precursor solution was prepared by dissglv
transparent ZnO films because of a main approach tOzinc acetate dehydrate in ethylene glycol (99.5%,
transparent electrode. Among these preparanonCARLO ERBA). Monoethanolamine (MEA, 97.0%

methods, sol-gel coating process is an attractiveA. Finech h tabil Th |
technique for obtaining ZnO nanostructure owing to jax Finec em) was chosen as a stabilizer. The moia
ratio of Zn:MEA was kept at 1.0. The preparation

the easy control of the film composition and lowsto o . X
fabrication of large-area films. process of ZnO and ZnO:Bi films based on spin ogati

Bismuth has been an important dopant in ZnO. With technique was detailed in the previous work
a small amount of Bi, the ZnO film exhibits a doaibl (Krongarromet al., 2012). The mixture was stirred at
Schottky barrier characteristic, which is appliedthe ~ 80°C for 10 min. Subsequently, 0.125 M of bismuth
fabrication of varistors (Schloffeet al., 2010). It is  Nitrate pentahydrate as a doping source was asdtte |
known that when Bi dopants have a high starting solution. _The _dop_mg I_evel was _vaned by
concentration level, ZnO-BD; binary system that is changing the atomic ratio _[B|/Zﬂ] in the _solutldrmrh 0
formed exhibits nonlinear current-voltage to 6.0 at%. _A_clear solution was obtained during th
characteristic. Bi-doped ZnO films (denoted as Process of stirring for 1 hour at 80°C.
ZnO:Bi_) were deposited by using RF magnetron 5 5 Eilm Deposition
sputtering (Jianget al., 2009). They reported that the
film annealed at 400°C had the lowest electrical The quartz substrates were carefully cleaned by the
resistivity (1.89x10° Q.cm), high carrier density Ratio Corporation of America (RCA) process. The
(3.45x13° cm®) and good transmittance in visible Substrates were soaked in a solution of 30§@,H28-
wavelength region. According to Bi-doped ZnO films 30% NHOH : Dl-water in volume ratio of 1:1:5 at 70°C
prepared by molecular-beam epitaxy (MBE), the Hall for 10 min and _then_rmsed with DI water for 10 min
effect measurements revealed a dramatic reduction obefore drying with nitrogen gas flow. To remove the
electron density with the increase of Bi incorpimat metal contamination, the substrates were soaked in
(Xiu et al., 2006). Thus, an increase of the resistivity, the solution of 30% HO,: 36.5-38% HCI: DI-water of 1:1:5
carrier types and the density of ZnO:Bi film depetidn volume ratios at 70°C for 10 min and then rinseth\il
Bi concentration mainly due to the defect complexesWwater for 10 min before drying with nitrogen gaswil
from highly doping Bi atoms acting as acceptors After aging the gel at room temperature for 24hie, gel
(Lee et al., 2011). However, the basic electrical was coated on a cleaned quartz substrate. The atomi
properties of ZnO:Bi thin film have not been cliif. percentage of Bi dopant in ZnO solution were 0, 0.2,

In our previous report, ZnO doped with 0.2-1.0 at% 0.6, 1.0, 1.2, 2.0, 4.0 and 6.0 at%, denoted as &mD
Bi films which were highly textured along the c-sxi ZnO:xBi (x = at.% Bi doping). The ZnO:xBi films wer
have been successfully deposited on quartz substrat prepared by using the spin coating technique a0 260
by sol-gel spin-coating technique (Krongarra@mal., for 10 sec. The thin films were pre-baked at 1065C
2012). In the present study, the effect of anngalin 30 minin an oven. The coating and preheatingrreat
temperatures on the structural, optical and eleaitri processes were repeated 5 times to obtain thentssk
properties of Bi-doped ZnO films was investigat€te of the as-deposited film at about 443 nm.
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The influence of different annealing conditionstba and imply to the effectiveness of Bi incorporatidtar
properties of ZnO:Bi nanostructure was studiedthis ~ znO:xBi films with x-composition range between 6.0
study, undoped ZnO and ZnO:xBi films were annealedand 1.2 at.%, it presents the diffraction peaks of
by varying the annealing temperatures from 200 o polycrystalline ZnO at (100), (002), (101), (10210

700°C in the ambient air for 2 h. This temperatanege  5nq 103 planes (JCPD card 36-1451) which are simila
was considered since the nanoparticles generallyine undoped ZnO film.

?I IO\;\r/]e_rkmelting tergperaturedt?an i26a2 EJuII2<4fé)rm.eT?t By comparing the ZnO:Bi films at different Bi
im thiCkness was decreased from 0 niera concentrations, the relative intensity

annealing from 200 to 700°C. | 0o2y[! (002t 101yt 103)s the strain along the c-axis and
- I (002 (002)"1(101)" (103 -
TheX-ray diffractometer (RIGAKU TTRAX Ilf) was the full width half maximum of (002) spectrum are

used to examine the crystalline quality of all séap h i Fig. 2 tivelv. For | doi
with a Cu-Ku radiation (\ = 1.54059 A). The crystalline shown in F1g. ca-c respectively. For fow doping
grain size has been calculated from XRD data usingconcentratlon, the (002) peak relative intensitjiafly

Scherrer's formula. The surface morphology was increases and then turns to decrease for Bi dopant
observed using a JEOL JSM-6400 Scanning Electron@bove 1.0 at%., as shownfig. 2a ) )
Microscope (SEM) operating at 12kV. The thickneés o _. To determine the strain along the c-axis for thin
the films was measured by an optical profiler (\Veec films, the results from.XRD data were calculatedtiy
WYKO NT1100). The optical absorbance of the films following Equation (1):

was verified by a UV-VIS spectrophotometer (AJUK c-c

SPECORD 250+222P133) in the wavelength range frome == =2 x100 (1)
300 to 1100 nm. For the transmittance and refleetan Co

measurements, the optical spectra of all sampleg we

compensated by those of the quartz substrate. pieab ~ Where: _ _ _

band gap Energy (Ewas obtained by extrapolating the C = The lattice parameter of the film with dopant

high absorption region of the curve to the energig.a calculated from XRD data

The current-voltage characteristic of ZnO:xBi filmes  Co = The lattice parameter of undoped ZnO crystal (C
conducted with using 2-point probe arrangement uade =5.217)

shielded metal box with co-axial wires to ensure

elimination of noise and obtain stability. Silveaste was In Fig. 2D, the strain along the c-axis for ZnO:xBi (x =

used as contact metal with the diameter size afratd 0.2-1.0 at.%) exhibits a positive sign (tensile)heT
mm. 2-point Ag contact was prepared with around Immminimum strain along the c-axis presents the tensil
interval and then it was fired at 200°C for 30 niin behavior for ZnO:1.2Bi film. It may imply a crititaalue

order to behave as an Ohmic contact. for the initial BLOs phase segregation which is associated
with the maximum FWHM value in XRD data as shown
3. RESULTS in Fig. 2c At the higher Bi doping level, the strain along
o the c-axis changes tnegative sign (compressive) which
3.1. Structural Characterizations is relevant to the existence of,B} phase.
3.1.1. Effect of Bi Doping 3.1.2. Effect of The Annealing Temperature

Figure 1 illustrates the XRD patterns of undoped According to the maximum relative intensity of

concentration in the range of 0.2-6.0 at.%. AlnBlwere 0.2 at.% Bi doping level is the optimum Bi

annealed at 600°C for 2 h. The resultS. ObViqusm concentration in a So|_ge| Synthesis_ In order to
pattern of undoped ZnO shows the diffraction peaks investigate the effect of heat-treatment on
polycrystalline ZnO as JCPD card 36-1451. crystallographic orientation and surface morphology

For other ZnO:xBi with low x-composition ranges the annealing temperature of preferential Zn0:0.2Bi
between 0.2 and 1.0 at.%, it is found that therenly  fiims were elevated in the range of 200-700°C.slt i
(002) diffraction peak of wurtzite to dominate ihet  found that there is a dominating (002) diffractipeak
XRD patterns. The results show that these filmstea in the XRD patterns for all of the films except fitre
relatively high-preferential orientation along theaxis film annealed at 700°C, as can be seehig 3.
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Fig. 1. XRD patterns of ZnO:xBi thin films annealed at 830with varying Bi doping concentrations
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Fig. 3. XRD patterns of Zn0:0.2Bi thin films annealed afeliént annealing temperatures
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It is noted that the presence of dominating (002)
diffraction peak revealed the highly orientated
crystallographic growth of ZnO: 0.2 Bi films withaxis
perpendicular to substrates.

Furthermore, the maximum relative intensity witk th
minimum FWHM was obtained for the film annealed at
600°C fig. 4a and ¢. The results can be interpreted as
the improvement of crystallinity and the diminished
disorder in the crystal lattice owing to the incorgtion
of the Bi ions into ZnO: 0.2 Bi film. On the othkand,
the XRD pattern for the films annealed at 700°C
evolved from (002)-peak dominance to (101)-peak
dominance. Meanwhile, the diffraction relative
intensity is remarkably lower than that for otheas,
shown inFig. 4a This result is relevant to a drop of the
strain along the c-axis, as illustrated Fig. 4b. A
decrease in the tensile suggests Bi phase segragati
and/or surface segregation for ZnO: 0.2 Bi film ealed
at 700°C. The average crystal size (d) of the Rietb
ZnO films was estimated from the XRD pattern
according to the Scherrer’s relation Equation (2):

q= 0.9\
Bcosh,

)

Where:

= The X-ray radiation wavelength (0.154 nm)
The Bragg diffraction angle of XRD peak
The Full Width at Half Maximum (FWHM)

1431 AJAS
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Fig. 5. SEM micrographs of Zn0:0.2Bi thin films annealedat200C, (b) 300C, (c) 400C, (d) 500C, (e) 600C and (f) 700C

The estimated nanocrystalline size of Zn0:0.2Bi 3.2. Optical Properties
films varying from 7.9 to 17.7 nm is exhibited,atihg to

the increase of the annealing temperat_ure from_ 200 exceeding 85% in the visible wavelength range (800-
700°C. The result revealed that the quality of crystall nm). In this study, the optical transmittance sgedf

lattice and the effective of Bi incorporation into 7zn0:0.2Bi thin fiims as the function of the annegli
Zn0:0.2Bi films were significantly improved by temperatures are shown Fig. 6. After annealing, the
increasing the annealing temperatures from 20085®. average transmittance in the visible range of ilnesfis

The surface morphologies of all films as a function higher than that of as-deposited film, whereas ake
of annealing temperature ranging from 200 to °TD0 deposit(_ad film has the average transmittance above
were observed by using a scanning electronOthers in the UV range. The films annealed at low
microscope as shown Fig. 5. At the lower annealing temperatures (20.0.'300) exhibit  the average

. . transmittance in visible wavelengths above the dilm

temperatures, many large cracks in SEM images a

- _ Snnealed at the higher temperatures (400:CNO
shown inFig. 5 a-b appear on the surface of Zn0: 0.2 e photon absorption coefficient) (of ZnO:Bi films

Bi film. Meanwhile, at the higher annealing js shown inFig. 7, which is determined by transmission
temperatures, the surface morphology of the film measurement. Shallow-level impurities respond much
became more uniform. However, heat-treatment atmore effectively to optical measurements and avallys
700°C affected the film surface in that it becomes lessmeasured by optical absorption measurements. The
uniform with existence of coalescence of the graigs absorption coefficienty is defined by Equation (3):
shown in Fig. 5f. Thus, the optimized annealing

between 400 and 60C results in the good quality of 1 (1-R) + T°R* - (1- R

the film surface and the further essential attrésutor a =a'”
Bi-doped ZnO devices.

All films show the high average transmittance

2TR? ®)
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Fig. 6. The transmittance spectra in UV-Vis wavelength eamgtween 400 and1000 ¢nof Zn0:0.2Bi films with different
annealing temperatures
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Where: study are related to the decrease in the crystafiiin
d = The thickness of the filnu) size from about 18 to 8 nm as illustratedrig. 9.
Rand T = The reflectance and transmittance, 3 3. Electrical Proverties
respectively "~ P
Figure 10 shows the evolution of the electrical
Figure 7 shows the very high absorption coefficient conductivity under illumination (18 mwi/cnat room
up to 16 cm™* and it is found to increase rapidly with an temperature of Zn0:0.2Bi films with different antieg
increase in photon energy. temperatures. Inset iffig. 10 shows the difference
For a direct band gap semiconductor such as Zre, th yetween the photocurrent obtained by measuring-the
optical band gap @ can be determined from cyre under dark condition and under illuminatioh o
transmittance and reflectance measuremenfsali be  71,5: 0 2B; films with various annealing conditions.
estimated by an extrapolation of the linear curggipn All samples indicate good Ohmic contact behavior.
as a function of absorp_tion coefficient) (dependent on Therefore, the electrical conductivity o) was
photon energy () Equation (4): calculated byoc = L/(R.A), where L is the contact
distance, R is the resistance value from 1/slopeevaf
(4) I-V curve, A is the film thickness by the diame®ze
of metal contact. It was found that the electrical
Where: conductivity under illumination condition was
e . . enhanced due to the presence of photocurrent as
c=a con?ant for a direct transition of photon gyesf compared with the one under dark condition. At GD0°
2.4x1 annealing condition, the conductivity enhances wlith

The variations ofa? versus hv in the fundamental NCréase in annealing temperature and reaching the
adsorption region are plotted Filg. 8. By decreasing the Maximum value at 0.9%.cm.)". However, the film
annealing temperatures from 600°C to 200°C, theheated at 700°C shows the decrease of the condyctiv
absorption edge shifted towards the shorter waggen corresponding to the rapid decrease of the relative
side from 3.27 eV to 3.34 eV as compared with anintensity and the strain along the c-axis whicklug to
undoped ZnO film. The results of;Extension in this  crystallographic reorientation.

1
2

a(hv)=Cc( - E,)

3.0 ,
——200°C ‘a
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*—700°C ;o
154  —®"— As-deposited ‘ . &
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3.30
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Fig. 8. (ahv)? versus (k1) curves of ZnO: 0.2 Bi thin films annealed with ioais temperatures
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4. DISCUSSION

The XRD results is noticed that the peak positians
2° of 27.94°, 32.69°, 46.20°, 55.49° and 57.75%0ob=d
for ZnO: xBi (x>2.0 at.%) samples were indicated@i
phases. This can be interpreted in the terms daitayre
segregation of doping components at the grain baiex
due to the high doping content as reported in theigus
work (Krongarrom et al., 2012). Concerning the
effectiveness of Bi incorporation in ZnO, the.®j phase
separation and/or surface separation in ZnO:Bisfimeed
to be diminished in order to avoid fuzzy carriepds.
Therefore, in this study, the case of low Bi doge® was
much of greatest concerned.

The results of the relative intensity and the st@n
confirm the highly preferential orientation alorigetc-
axis for low Bi doped ZnO films. It could be attifed to

films (Ng et al., 2012). In addition, the effect of the
annealing temperature on theg, Bf Zn0O:0.2Bi films
coincides with the study of Ga-doped ZnO film (Tsbs.,
2010). This is mainly due to the confinement regime
Therefore, it is suggested that the optical band g
Zn0:0.2Bi film was controllable by the annealingqess.
The results of XRD and SEM is relevant to the
enhancement in the conductivity of the films. It is
suggested that highly orientated crystallograpmamagh
and good morphology of ZnO:Bi films are a good
influence on their electrical properties. Howewe c-
axis orientation growth is stronger as the anngalin
temperature increases and it is weaker after aimgeat
700°C. The annealing temperature optimized may
benefit from the preferentially crystallographic
reorientation in ZnO:Bi nanostucture and it resuitshe
improvement of the electrical conductivity. Thenideof

the formation of new nucleating centers due to theincreasing electrical conductivity is similar to eth
doping atoms (Oztas and Bedir, 2008). The prefaent Previous work for ZnO film (Guillen and Herrero, ).

orientation of the (002) plane is
minimization of the surface energy while the suloseq
decrease of the (002) peak relative intensity fighér
doping concentration can be affected by the saturatf
newer nucleating centers (la al., 2010; 2011). The
trend of decrease in relative intensity of (002alp®ith
increasing in doping content is similar to the gtud
previous work (Caglar, 2013).

related to the

5. CONCLUSION

By using a sol-gel spin coating process, inteedtBi
impurities incorporated in the ZnO nanostructureeve
investigated under the different annealing tempeest
(200-700°C). XRD results revealed the best
crystallographic orientation with c-axis perpentiicuto
substrates for annealed Zn0O:0.2Bi film at 600°Ctles

The result of a drop of the strain is noted that gpiimal temperature. This optimal annealing coaditeads

annealing temperature at 700°C as a critical teatpe
for the film causes the crystallographic reoridotat
which is changed into the polycrystalline structae
similar to the undoped sample. A similar result \abs®
reported by others (Liet al., 2010). Moroever, the
increase in the annealing temperatures causesatms &
receive a more diffuse activation energy and themigrate
into the energetically favorable site in the criyddtice.
This can lead eventually to the formation of thgBiphase
segregation.

Bi doping levels below 1.0 at.% do not signifidgnt
affect the optical transparency (Krongarrogh al.,
2012), which is in agreement with the optical resoff
Bi-doped ZnO films prepared by rf.
sputtering technique (Karthikeyaa al., 2009).In this
work, the decreasing tendency of
transmittance with the increase
temperature was similar to the previous reportstiier
undoped ZnO films (Karthikeyagt al., 2009).

In term of the optical property, the reduction gi&ue
with the increase of annealing temperature carubdalthe
improved crystallinity and the diminished defecfstloe

////4 Science Publications
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to the increased effectiveness of electrical cotidtyc of
ZnO:Bi film which was verified by current-voltage
measurement. However, the crystallographic re@iemt
pattern was found for ZnO: 0.2 Bi film annealed’@®°C
as a critical temperature which is relevant to ritlative
intensity and stain along c-axis values rapidiypgex. The
origin of electrical conductivity and optical profies of
sol-gel derived ZnO:Bi films is verified as the daining
effect of the different annealing temperatures. dffexcts of
increasing heat-treatment temperature on thexnsion
from 3.27 eV to 3.34 eV is related to the reductafn
average grain size of ZnO:Bi nanocrystal from 18.7.9
nm size. The low electrical conductivity of Bi-inporating

Magnetron znO films with the preferentially crystallographgzowth

obtained can benefit its use as a dielectric budfger for

the optical thin film solar cells.
in the annealing
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