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Abstract: In this study, Bi-doped ZnO and undoped ZnO nanomaterials have been synthesized
by the solvothermal reaction method. The effect of Bi doping on the structural and
electrochemical properties has been investigated by X-ray diffractions (XRD), X-ray
photoelectron spectroscopy (XPS) and, scanning electron microscopy (SEM). As seen from X-
ray diffraction spectra performed on the bulk material, it has been clearly observed that both Bi
doping changed the preferred orientation of the nanopowder as (101) and Bi*® ions were
expectedly entered the lattice. Furthermore, this result has been supported by photoelectron
spectra. Scanning electron microscopy images have shown the shapes and distributions of
nanostructures of the samples. As a result, it is thought that Bi doping is suitable for obtaining
p-type conductivity in ZnO materials for the experimental processes we applied to samples in
the study.
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Solvotermal Sentezleme Yontemi ile Elde Edilen Bi Katkili ZnO Malzemelerinin
Elektrokimyasal ve Yapisal Davramsi

Ozet: Bu calismada, Bi katkili ZnO ve katkisiz ZnO nanomateryaller solvotermal reaksiyon
yontemi ile sentezlenmistir. Bi katkisinin yapisal ve elektrokimyasal 6zellikler {izerindeki etkisi
X-1sm1 kirmimlart (XRD), X-ismm1 fotoelektron spektroskopisi (XPS) ve taramali elektron
mikroskobu (SEM) ile arastirilmistir. Kati malzeme tizerinde gergeklestirilen X-1sm1 kirinim
spektrumlarindan goriildiigi tizere, hem Bi katkilama nanotozun tercih edilen yoneliminin (101)
olarak degistirdigini hem de Bi*? iyonlarmin beklenen sekilde kristal kafese girdigi agikca
gozlemlenmisdir. Ayrica, bu sonug fotoelektron spektrumlari ile desteklenmistir. Taramali
elektron mikroskobu goriintiileri, numunelerin nanoyapilarinin sekillerini ve dagilimlarini
gostermistir. Sonug olarak, calismada numunelere uyguladigimiz deneysel islemler icin Bi
katkilamanimn ZnO malzemelerde p tipi iletkenligin elde edilmesi bakimindan uygun oldugu
diistintilmektedir.

Anahtar kelimeler: ZnO:Bi, Bi katkilama, Solvotermal sentezleme
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1.Introduction

ZnO is an important 11-VI compound semiconductor with a wide direct bandgap,
because of these properties it is considered a very important candidate for some
application in optoelectronic devices like light-emitting diodes, laser diodes, flat panel,
and photo-detectors [1-7]. It is important such application that to fabricate n-type and p-
type stable ZnO however, intrinsic ZnO is n-type conductive due to native defect in the
structure like oxygen vacancy, interstitial zinc, and hydrogen impurities [8]. To
overcome the effect of the native defect on p-type conductivity, doping is the most
convenient option. In recent years there are many groups works on p-type doping and
many reports have been published on doping with group V element. Limpijumnong et
al. [9] proposed Xz,—2Vz, acceptor model about the large-size-mismatched impurities
in ZnO. This mechanism stems from the low formation enthalpy of Xz,—2Vz,
complexes and X atoms occupy Zn antisite rather than O site.

In recent years, many experiments are conducted on group V element doping in ZnO
like N [10, 11], P [12], As [13], and Sb [14] but there is very little paper are reported on
bismuth doping in ZnO. Biz—2Vz, mechanism is not deeply discussed and not enough
evidence on the type of conductivity of Bi:ZnO. Moreover, their structural and
electrochemical characteristics are not fully understood.

Hydrothermal synthesis refers to the use of water in the reaction as a solvent.
solvothermal synthesis which typically uses other solvents including ethylene glycol,
ethanol, acetone, and oleic acid is a broader terminology.

In this work, Bi-doped ZnO with solvothermal synthesis. There are many ways to
produce that this nanostructure but solvothermal synthesis is mostly the preferred
method because of its simplicity, the capability of large-scale production, and low-
temperature production [15-18]. And, doping mechanism of Bi into ZnO will be
investigated by various methods. Moreover, in this work, samples are produced at 150
°C which is the optimum growth temperature for this synthesis.

2.Material and Method

Bismuth doped zinc oxide samples were prepared by the solvothermal solution
synthesis method. All chemicals in the synthesis were analytic-grade reagents. In this
experiment zinc nitrate hexahydrate Zn(NO3),.6H,0 was used as a starting material. DI
(distilled) water and acetone were used as a solvent. Hexamethylenetetramine
(CsH12Ny4) and bismuth chloride (BiCl3) were used as stabilizers and dopant sources
respectively. The concentration which is Bi*® molar percentage in the solution was
changed from 0 to 10 at % in the solution. The mixture was magnetically stirred for 1 h
to get a homogeneous solution. Then the solution was put into the Teflon liners, and
heated to 150 °C for 24 h, and cooled down to room temperature 0.1 °C/min.
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Figure 1. Synthesis graph for reactions time (min) vs temperature (°C)

The residual solution was filtered and rinsed with DI water and dried at 90 °C in the air
for an hour, after then dried powder calcinated at 800 °C for 12 h as shown in Figure 1
schematically. X-ray powder diffraction analysis of Bi-doped ZnO was performed at
room temperature in the angular range of 26 = 20°-70° with a scan step width of 0.02°
and a fixed counting time of 1 s/step using an automated Rigaku Ultima IV X-ray
diffractometer equipped with Cu Ka radiation of wavelength A= 1.5418 A. Crystallite
sizes are calculated with Scherrer’s method using the (101) orientation of ZnO. X-ray
photoelectron spectroscopy was used to analyze the compositional properties of the
sample with Thermo Scientific ESCALAB 250Xi. Pass energy and step within XPS
measurements are 50 eV and 0.1 eV respectively. SEM image has been taken from
Hitachi SU8030.
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Figure 2. X-ray diffraction pattern of undoped ZnO sample
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Figure 3. X-ray diffraction pattern of 10% Bi-doped ZnO sample * shows secondary phases

3.Result and Discussion

XRD patterns of the undoped and Bi-doped samples are shown in Figures 2-5. Figure 2
shows the undoped XRD pattern of ZnO which crystallized in hexagonal wurtzite
structure in mixed-orientation and all diffraction peaks can be indexed as standard
wurtzite ZnO [19]. Undoped, 1% and 3% Bi-doped ZnO samples show only standard
wurtzite ZnO peaks, there is not any secondary diffraction peak however 5 % and 10 %
Bi-doped ZnO shows some secondary peaks as in Figure 5 and Figure 3. Moreover,
Figure 5 shows that increasing the doping concentration causes a slight decrease in the
(002) diffraction peak as reported by Kumar et al. [20] and increased the (101)
differaction peaks. This increment on (101) shows that increasing the doping
concentration changes the preferred orientation of ZnO [21]. The shift is shown in
Figure 4 also indicates that Bi** ions are substituted into the Zn*? ions site and [22].
Additionally, doping the materials with a bigger ionic radius causes a shift to higher
angles in XRD diffraction peaks. This estimation is also supported by a previous study
that mentions the huge differences between the atomic radius of Bi*® (1.20 A) and Zn*?
(0.74 A) [23].
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Figure 4. XRD diffraction pattern of (101) diffraction peaks of undoped and Bi-doped ZnO sample
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Figure 5. XRD diffraction pattern of Bi-do

ped ZnO samples

FWHM of the samples given in Figure 6, shifts to the higher angles with an increment
of Bi doping. The measured FWHM value for (101) diffraction peaks was measured as
0.140 for pure ZnO and 0.182 for the % 10 Bi-doped ZnO. Similarly, it was observed
that the FWHM values of the (100) and (002) diffraction peaks increased with the
increase in the doping ratio. These results also verify that Bi atoms are successfully
doped into the ZnO lattice and cause lattice expansions in the ZnO crystals [19, 24]. The
crystallite size of the samples was determined by the Debye-Scherer formula given in

Eq. 1 [25]:
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where A is the wavelength of XRD, £ is the FWHM of the selected peak K is a constant
which is taken as 0.9 and 6 is the Bragg angle of a selected peak. For (101), the
crystallite size of ZnO samples slightly alters from 7.84 nm for %10 Bi: ZnO to 9.95 nm
for pure ZnO.
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Figure 6. FWHM values of Bi* doped and undoped ZnO samples for [101, 002, 100] orientation

XPS was used to characterize the electrochemical composition of the ZnO: Bi samples.
XPS spectra of Bi-doped ZnO are placed in Figure 7. In Figures 7 a, b, ¢, and d, it can
be seen that 4f core-level spectra of 1, 3, 5, and 10% doped ZnO respectively. And
Figure 7 e and f show us Carbon 1s core-level spectra and survey compositional
analysis of 10% doped ZnO respectively. C 1s peaks are used to calibrate the spectra. C
1s peaks are settled to 284.6 eV for each sample [26]. According to Figure 7, there is an
inversely proportional ratio between the doping concentration and Bi 4f core-level
spectra peaks. As can be seen, while doping concentration increased, the location of Bi
4fs, decreased from 159.4 to 158.4. Also, Bi 4f,, peaks locations in the spectra are
decreased. There are no Bi 4f;, peaks on the XPS spectra located below the 157 eV.
This shows us Bi-O bonding was established rather than Zn-Bi bonding in the lattice
accordingly Xu et al. [27]. Bi 4f;, peaks located about 163.7 eV showed that Bi*® is the
major charge state and BiO is produced in the Bi-doped ZnO by substituting for Zn as
Bizn [27, 28]. The shift of the peaks may be caused by changing electromagnetic field
inside the sample [29]. XPS and XRD measurements are in compliance with each other.
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Figure 7. XPS core-level spectra of Bi-doped ZnO a) b) c) d) is the 4f core-level spectra of Bi for 1, 3, 5,
and 10 % doped ZnO respectively e) f) is the C 1s core-level spectra and survey spectra of 10 % doped
Zn0O

As seen in the SEM images (Figures 8, 9), particles with a size of 1-2 um and less than
1 um appear to have formed nonhomogeneous. The planes on the surfaces of the
particles are noticed and it can be said that they have a hexagonal structure. It is seen
that the particles have different orientations, angle differences, and large thick bars on
their surfaces. When examined in Figure. 8, it is thought that small particles come
together to form these large heaps.
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Figure 9. SEM image of pure ZnO sample with 35000X magnification

4.Conclusion and Comment

The ZnO: Bi samples were synthesized by the solvothermal synthesis method and
calcinated 800 °C for 12 hours in the air atmosphere. The XRD patterns showed that Bi
doping was successful and the change in doping concentration has improved the crystal
quality up to 5%. After this doping concentration was exceeded, secondary phases were
observed. Further, XRD peaks of (101) oriantation shifted to higher angles with
increasing doping concentration. Additionally, while the concentration of Bi doping in
the samples was increased, (101) diffraction peaks intensity was increased but the
intensity of (002) peaks was decreased which are interpreted as doping were achieved.
The XPS results showed that the dopant atoms replaced the Zn atoms in the lattice,
producing the Biz, defect. In XPS measurement, there was not any Bi 4f,, peaks lower
than 157 eV which means Bi*? is the preferred oxidation state. Lastly, from these given
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XPS results, it is concluded that the Bi*® ion is a suitable candidate to form the X,—
2V 7z, complex and successfully produced in this study.
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