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Improved carrier mobility and bandgap tuning of zinc doped bismuth oxide
M. J. Jabeen Fatima, A. Navaneeth, S. Sindhu*

Zinc doped bismuth oxides shows tuned bandgap and electronic properties with an improved charge

carrier mobility and conductivity.
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The present work attempts to synthesize bismuth oxide and zinc doped bismuth oxide by citrate gel
method to tune the electronic and optical properties suitable for different opto-electronic applications.
Techniques like ICP-AES and EDAX were used to determine the compositions of metal in the doped
samples. Thermal analyses such as TGA-DTA were used to study the phase change and decomposition
temperature of the samples to fix the sintering temperature. Later, the phase purity and crystallinity of
sintered and unsintered metal oxides were determined from powder X-ray analysis. The morphology and
average particle sizes were obtained from SEM imaging. The doped bismuth oxide shows an increase in
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bandgap with increase in zinc percentage, which is estimated from DRS measurements. Bulk carrier

concentration, sheet concentration, resistivity, conductivity and charge carrier mobility of doped and

undoped samples were obtained from hall measurements and the data showed improvement in

conductivity and carrier mobility on doping. Increase in carrier mobility and conductivity is attributed to

relatively less grain barriers due to the smaller size of the doped samples.

1. Introduction

Bismuth oxide is being extensively studied by the researchers
nowadays due to its wide range of applications in various fields.
The important applications of bismuth oxide include
photocatalysis'~, photovoltaics*, supercapacitors®, sensors *’etc.
Bismuth oxide exists in four major polymorphic forms such as
o, B, v, and & with crystal structures respectively monoclinic,
tetragonal, bee, and fec. The a form is naturally stable at ambient
condition and at elevated temperatures it gets converted to &
form. All other forms are metastable states stabilized at different
conditions. The stability of the polymorphs depends on the
method of synthesis adopted. Many reports are found on the
stabilized metastable forms of bismuth oxide®. The & form is
known to be the most conducting polymorph of bismuth oxide”!°.
The increased ionic conductivity arises due to the increased
oxygen ion vacancies''.

Reports show that methods like sol-gel and hydrothermal were
widely used for the synthesis of bismuth oxide'*". Sol-gel is the
commonly adopted synthetic approach due to its easiness in
achieving phase pure metal oxides in large quantity. In sol-gel
method we have adopted citrate gel method, as citrate is a
nontoxic organic material cheaply available.

Bismuth oxide is a wide bandgap semiconductor with bandgap
varying in the range 2.0 to 3.96 eV'? and the bulk bandgap
reported is 2.75eV. Parameters like bandgap and conductivity are
of utmost importance while considering these materials for
optoelectronic applications. Both these parameters can be tuned
easily by polymorph selective synthesis of bismuth oxide'.
Doping has a major role in polymorph selective synthesis by
stabilizing the metastable phase of bismuth oxide. The metastable

phase has better conductivity than the normal stable phase'> '°.

The y phase of bismuth oxide was prepared earlier by
s0 precipitation method'®. Here, we report the synthesis of o
bismuth oxide and stabilization of y bismuth oxide on doping the
samples with different volume percentage of zinc. A detailed
study is carried out on the syntheses, optical and electronic
properties of pure and zinc doped bismuth oxide systems. An
ss attempt was made to improve the properties such as bandgap,
carrier concentration, conductivity and mobility of the doped
metal oxide.

2. Experimental
Synthesis of metal oxides

60 Bismuth oxide was synthesized by the well known citrate gel
method but with slight modifications'’. The precursor, bismuth
nitrate pentahydrate, (BiNO; SH,0, 0.16M, 2.328g) was
dissolved in nitric acid, (HNOj3) followed by dilution in a ratio of
1:3. The mixture was heated in a water bath maintained at 373K.

6s To this hot mixture, equimolar citric acid, (C¢HgO;, 0.16M,
0.9222¢) was added and maintained in the same condition until
pale yellow gel formed. The gel was then heated using a heating
mantle, and converted to foam which combusted itself to form the
final product. Products thus obtained were sintered at 700°C for

70 120 minutes in a muffle furnace to obtain phase pure metal
oxides.

Zinc doped bismuth oxide was also synthesized by the same
method. The precursor, zinc nitrate hexahydrate, (Zn(NO;),6H,0,
0.16M) was mixed with bismuth nitrate pentahydrate before

75 dissolving in nitric acid. Zn doping in different percentage (2, 4,

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



Page 3 of 7

w

2

S

2

G

w
=

RSC Advances

6, and 8 volume percentage) was done by maintaining the volume
constant. The samples were named BO for bismuth oxide and
ZBO 2, ZBO 4, ZBO 6, and ZBO 8 for Zn doped by volume
percentages of 2, 4, 6, and 8 respectively. The samples before
sintering were mentioned with a suffix ‘US’.

Characterization

The synthesized metal oxides were characterized by various
characterization techniques. The phase transition temperature and
the decomposition temperature were analyzed by using
thermogravimetric and differential thermal analysis (TGA-DTA)
using Pelkin Elmer STA 6000 above 800°C and then the sintering
temperature was fixed. The phase purity and crystallinity of metal
oxide before and after sintering were obtained from X-ray
Diffraction analysis (XRD) by using Rigaku miniplex X-Ray
diffractometer (Cu Ko - 0.15496nm), scanned between 20-80°.
The composition of the metal was determined from Inductively
Coupled Plasma Atomic Emission Spectrum (ICP-AES) from
Thermo Electron IRIS INTREPID II XSP DUO. The presence of
dopant was confirmed from Energy Dispersive Spectrum (EDS)
measurements by using JEOL Model JED-2300. The morphology
and size of the synthesized metal oxides were obtained by using
Scanning Electron Microscopy (SEM) images from JEOL Model
JSM 6390LV. The bandgap of the samples were determined from
Tauc plot drawn using the diffuse reflectance spectrum (DRS)
obtained from JASCO UV-Visible spectrophotometer in the
wavelength range 200 to 600 nm. The photoluminescence
measurements were done by using Fluoromax 4P of Horiba. The
Hall measurements were carried out to obtain the carrier mobility,
resistivity, conductivity, bulk and sheet
concentration using Ecopia HMS 5300. The samples were coated
on a glass plate in an area of lcm’® and contact was given using
indium metal at four edges.

concentration

3. Results and Discussions

Thermogravimetric analyses of unsintered samples were carried
out to study the thermal behaviour of the samples. The TGA-
DTA graph of BO is given in figure.l. Three major thermal
changes are observed from the figure, where the first change is
observed around 100°C, which is attributed to the evaporation of
excess water from the samples. The second endotherm at around
400°C is assumed to be due to the decomposition of the excess
carbonaceous materials remaining in the samples. The third
change is found at 730°C due to the phase change of bismuth
oxide. At 730°C, the o phase of bismuth oxide is converted to the
S phase and finally the samples are decomposed around 870°C.
The parameters related to the thermal changes of doped and
undoped metal oxides are given in table 1. All the samples
showed similar behaviour with very slight changes in
temperatures. The sintering temperature was fixed at 700°C based
on the observed phase change at 730°C in TGA-DTA. The TGA-
DTA graphs of all the doped samples are given in the supporting
information (Figures S1-S4).
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Fig.1. TGA-DTA spectrum of bismuth oxide

Table 1 Second endotherm and decomposition temperature of bismuth
s5 oxide and zinc doped bismuth oxide

Second endotherm Decomposition

Samples o temperature
C oC
BO 394 869
ZBO2 390 869
ZBO 4 393 869
ZBO 6 410 869
ZBO 8 414 869

The structural and phase identification of the prepared samples
were done by using X-ray diffraction (XRD) analysis. The XRD
patterns of pure bismuth oxide at sintered (BO) and unsintered

e (BO US) conditions are shown in figure 2. These XRD patterns
are compared with the standard JCPDS file number 76-1730
which corresponds to the monoclinic phase with space group
P2,/c (14) of bismuth oxide and the extra peaks observed for the
unsintered bismuth oxide indicate the presence of impurities.

«s However, the pure phase is obtained after sintering the samples at
700°C.

JCPDS 76-1730
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Fig.2. XRD of bismuth oxide before and after sintering compared with
70 the standard JCPDS file No 76-1730
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Fig.3. X-Ray diffraction pattern (a) ZBO 2 samples before and after sintering (b) ZBO 2,4,6, and 8 samples compared with the standard JCPDS files 74-
1375 and 78-1325

The X-Ray diffraction analysis of doped samples before and
after sintering shows different behaviour (Figure 3a). The
samples before sintering shows similar XRD pattern of o phase
bismuth oxide and a difference in peak positions after sintering.
The doped samples correspond to the body centred cubic phase of
bismuth oxide (y phase — JCPDS file no 74-1375)"%, where the
pattern (Figure 3b) is very similar to bismuth zinc oxide (JCPDS
file no 78-1325, Bi;2Zn0y). The stabilized y phase of bismuth
oxide was reported earlier at room temperature'®. From the XRD
data it can be concluded that the zinc has entered the lattice of
bismuth ions as a result of doping.

The XRD pattern of unsintered ZBO 2 sample shows (Figure
3a) a weak peak due to [121] plane of the o phase bismuth oxide,
indicating incomplete conversion of y phase even after sintering
at 700°C. But rest of the doped samples didn’t show any peaks
due to o phase leading to the inference that at lower percentage of
doping, the zinc atoms are insufficient for the complete
conversion of y phase.
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Fig.4. Phase change of bismuth oxide on cooling'®
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A chart showing the temperature dependent phase change of
bismuth oxide is given in figure 4. On heating, the o phase is
converted to & phase at 730°C and that phase change is observed
in the TGA-DTA curve of the samples with an indication of
weight change at around 730°C. The metal oxide formed
metastable phases, such as tetragonal f and bcc y phases on
cooling at different conditions. Usually, on further cooling, these
phases get transformed to the most stable o phase. But under
certain conditions like doping, the metastable forms stabilize. In
the current work, the y phase is stabilized on cooling when zinc is
added as a dopant. The XRD of doped samples confirms the
effect of doping in stabilizing the metastable phase. The
crystallite sizes of the samples are calculated from XRD using
Scherrer’s formula and it shows a decrease in crystallite size with
zinc doping. The calculated size for bismuth oxide (BO) is ~57
nm and in the case of doped samples it varies from 55 to 45 nm,
when doping percentage changes from 2 to 8 vol%. The table
showing FWHM and crystallite size is given in supporting
information (Table S1).

Raman spectra of the samples were recorded (Figure 5) and in
the case of BO it confirms the a phase of bismuth oxide. With an
increase in Zn doping concentration from 2 to 8 volume
percentages, the peaks around 93, 150, 185, 211, and 450 cm’ are
found to diminish and finally vanish. The vanished peaks
correspond to the characteristic peaks of o phase of bismuth
oxide'®. Certain additional peaks at 258, 377, 531, and 625 cm’
are found to appear on increasing the doping concentration. These
peaks are the characteristic peaks corresponding to the y phase of
bismuth oxide'. Hence both XRD and Raman spectra
substantiate the fact that at lower doping concentration both
o and y phases exist and further increase in doping concentration
stabilizes the metastable y phase. Individual Raman spectra of the
samples are given in the supporting information (Figures S5 to
S9).

The results obtained from ICP-AES corroborate the percentage
of the metals in the doped metal oxides. The value calculated
from the amount of precursor taken is given as theoretical value

This journal is © The Royal Society of Chemistry [year]
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which is compared with the values obtained from the analyses

with an error percentage of +£0.2. Details are listed in Table.2. The

presence of the metal is also confirmed from the EDS

measurement obtained with SEM analysis and the details are
s given in supporting information (Figure S10).

Intensity a.u.

400 600 800

Raman Scattering (em” b
Fig.5 Raman spectra of BO, ZBO 2, 4, 6, and 8

Table 2 ICP-AES values compared with theoretical values

Sample code Zn (%) Bi (%)
Theoretical ICP-AES Theoretical ICP-AES
BO 0 0 100 100
ZBO 2 0.635 0.69 99.37 99.31
ZBO 4 1.29 1.529 98.71 98.47
ZBO 6 1.96 2.00 98.04 98.00
ZBO 8 2.65 2.73 97.35 97.26

10 The morphology of the samples is analyzed by SEM and the
images of BO, ZBO 2, and ZBO 8 are shown in figure 6. The
SEM images show hazy morphology with variable particle size
and hence size determination is found to be difficult from the
images obtained.

20kV X1,500  10pm 13 46 SEI

20KV

X1500 10pm 13 46 SEI

Fig.6 SEM image of (a) BO (b) ZBO 2 (c) ZBO 8

Figure 7a depicts the Diffuse Reflectance Spectra (DRS) of
both doped and undoped samples of bismuth oxide. From the
20 DRS it is clear that both the doped and undoped samples absorb
in the UV-Visible region. The bandgap of the samples are
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determined from Tauc plot by plotting (ahv)? Vs hv (Figure
7b). The tangent of the plot extrapolated to the X axis gives the
bandgap of the semiconductor. For pure bismuth oxide, the
extrapolation coincides X axis at 2.7 eV which corresponds to the
bandgap of bulk bismuth oxide. Similar methods are adopted to
determine the bandgap of zinc doped bismuth oxide samples. The
bandgap is also determined from the PL measurements. On
plotting PL intensity Vs hv, the peak maxima indicate the
bandgap of the samples?. The graph is given in the supporting
information (Figure S11). The values obtained from both the
methods are compared and tabulated (Table 3). The values are
almost the same in both the cases. A slight increase in bandgap is
observed due to the effect of increase in dopant concentration for
the doped samples.

Table 3 Bandgap of pure and Zn doped bismuth oxide calculated from
Tauc plot and PL spectrum

Bandgap from Tauc’s Bandgap from PL

Samples

plot Spectrum
BO 2.70 eV 271 eV
ZBO 2 2.78 eV 278 eV
ZBO 4 2.79 eV 279 eV
ZBO 6 2.80 eV 2.80eV
ZBO 8 2.81 eV 2.81eV

The emission spectra of the samples are recorded by exciting
at the band edge of absorption and the graphs are shown in figure
8. Table 4 lists the photoluminescence parameters, such as the
excitation and emission wavelength of pure and Zn doped
bismuth oxides. The excitation wavelength of pure bismuth oxide
is 416 nm and in the case of doped samples it is taken as 403 nm
based on the DRS spectra recorded for these samples. From
figure 8 it is clear that the major emission peak of pure bismuth
oxide is at 466 nm and this is due to the band edge from the
recombination of free excitons. Here, the photons are emitted as a
result of the de-excitation of electron from the p level to the s
level of bismuth ion'®,

Table 4 Photoluminescence parameters of pure and Zn doped samples

Sample code Excitation wavelength Emission Wavelength

nm nm

BO 416 456
ZBO 2 403 440
ZBO 4 403 443
ZBO 6 403 442
ZBO 8 403 439

Zinc doping shows marked changes in the PL spectrum with
the appearance of major emission peak at 441 nm due to the band
edge emission of the free exciton recombination. The other peaks
in the Zn doped samples at 470, 495, and at 549 nm are due to the
introduction of defect states. The peak at 470 nm arises from the
recombination between the Zn vacancies or Zn interstitial to the
valence band®'?2. The other peak at 495 nm is ascribed to the
deep level emission resulting from surface defects®.

The peak at 549 nm is attributed to the defect emission due to
oxygen ion vacancies, or oxygen interstitials in the system. It has
even been attributed to Zn vacancy in the case of ZnO
nanoparticles’*®. Usually this peak appears intense and broad
due to the chemisorptions of oxygen. However, in this study the
intensity is comparatively low indicating the moderate percentage

4 | Journal Name, [year], [vol], 00—00
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of defects in the samples.
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Fig.7 Diffuse reflectance spectrum of (a) BO and ZBO 2, 4, 6, and 8 (b) Tauc’s plot of pure and doped bismuth oxide
5 of the measured samples are given in table 5.
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Fig.8 Photoluminescence spectra of pure and Zn doped bismuth oxide oxide

30 Table 5 Hall measurement analysis of pure and zinc doped bismuth oxide

Hall measurements of the samples have been carried out by the Carrier
10 commonly adopted Van der Pauw method to study the effect of Sample Concentration Carrier  Resistivity Conductivity Mobility
doping in the conductivity, carrier concentration and mobility of code em___ type Qem ___ Sem_ cm/V.s
. . . BO -6.12x10 n 1.71x10°  5.85x10 0.597
Fhe samp?es. ThF: samplf:s. show n- type .dc?plng ‘w1t1.1 a 11n.ear 7ZBO2 410 x10" n 162x10° 6.19x10° 0943
increase in carrier mobility and conductivity with increasing 7ZBO4  -4.61x10" n 5.58x10* 1.79 x10° 243
doping concentration?® (Figure 9). Maximum conductivity of ZBO6  -3.37x10" n 4.79x10*  2.09x10° 3.87
ZBO8 -2.38x10" n 3.89x10° 2.57x10°  6.74

15 2.57x10™ S/cm is obtained for ZBO 8 with an improved mobility
of 6.74 cm*/V s. The reason for improved charge carrier mobility .
in the samples on doping is the decrease in scattering probability Conclusions
of the carrier?’. The size of zinc ions is lower than that of bismuth
ions (ionic radius of Bi** is 1.17A® and that of Zn®" is 0.74A%)

20 and hence there is less scattering of the electron leading to an
enhancement in the carrier mobility as doping percentage
increases. In addition to that, the crystallite size calculated from
XRD indicates a decrease in size with Zn doping, which further
correlates the mobility of the carrier with minimized grain barrier.

»s The details of carrier type, resistivity, conductivity and mobility

Bismuth oxide, and doped bismuth oxide with different volume
percentage of zinc are prepared by citrate gel method. XRD and
Raman analyses of the prepared samples show that pure bismuth
35 oxide forms stable o phase but the doped samples stabilizes the
metastable y phase of bismuth oxide. Optical studies by DRS and
PL reveal that the Zn doped bismuth oxide shows an increase in
bandgap with increase in zinc concentration. Doping improved
the carrier mobility and the conductivity of the samples which is

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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attributed to relatively less grain barriers due to the smaller size
of the doped samples. More detailed studies on the use of these
materials for photovoltaic application are in progress.
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