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Abstract. The aim of this work is to study the effect of barium (Ba) doping on the optical, morphological
and structural properties of ZnO nanoparticles. Undoped and Ba-doped ZnO have been successfully synthesized
via sonochemical method using zinc nitrate, hexamethylenetetramine (HMT) and barium chloride as starting
materials. The structural characterization by XRD and FTIR shows that ZnO nanoparticles are polycrystalline
with a standard hexagonal ZnO wurtzite crystal structure. Decrease in lattice parameters from diffraction data
shows the presence of Ba2+ in the ZnO crystal lattice. The morphology of the ZnO nanoparticles has been deter-
mined by scanning electron microscopy (SEM). Incorporation of Ba was confirmed from the elemental analysis
using EDX. Optical analysis depicted that all samples exhibit an average optical transparency over 80%, in the
visible range. Room-temperature photoluminescence (PL) spectra detected a strong ultraviolet emission at 330 nm
and two weak emission bands were observed near 417 and 560 nm. Raman spectroscopy analysis of Ba-doped
samples reveals the successful doping of Ba ions in the host ZnO.
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1. Introduction

Zinc oxide (ZnO) has drawn the attention of many
research groups over the last few years because this
wide direct band gap (∼3.37 eV) semiconductor shows
promising application in nanoelectronics and optoelec-
tronics industry [1]. Most of the research in sono-
chemically synthesized zinc oxide (ZnO) nanoparticles
(NPs) has led to significant theoretical and technologi-
cal progresses since 2004 [2]. Chemical reactions in-
volving zinc compounds in aqueous solutions are able
to produce ZnO powders [3]. Under ultrasonic irra-
diation, sonochemical reactions result in ZnO with
morphologies different from that synthesized by con-
ventional methods. Different techniques have been de-
veloped to synthesize ZnO NPs, such as hydrothermal
[4], chemical vapour deposition (CVD) [5], polymeriza-
tion method [6], precipitation [7] oxidation process [8],
ultrasonic assisted [9–15], sol–gel combustion [16] and
mechanochemical processing [17]. The sonochemical

synthesis of the nanomaterial has been confirmed to be
a simple and feasible technique to produce novel mate-
rials with different properties, because this method can
generate similar truncated nanorods with small size
as compared to other techniques [18–20]. This tech-
nique is a simple, green, rapid and feasible technique,
as it does not require high temperature and/or highly
toxic chemicals. The study of chemical effects of ultra-
sound arises from acoustic cavitation such as the deve-
lopment, growth and implosive collapse of bubble in
liquid. The implosive collapse of bubble generates lo-
calized hot spots through shock wave formation within
the gas phase of the collapsing bubble or adiabatic
compression [21]. Interestingly, in the literature, zinc
nitrate (Zn(NO3)2·6H2O) and hexamethylenetetramine
(HMT) were used as starting materials to synthe-
size ZnO nanoparticles using sonochemical method
[22,23].

It is well-known that ZnO nanoparticles doped with
various transition metals are promising candidates
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for a variety of practical applications. Among these
metal dopants, Ba doping seems to be a promising one
due to its applications in varistors [24] and liquid sen-
sors’ guiding layers [25]. There are very few reports
available in literature on Ba-doped ZnO nanomateri-
als. Low-cost thermal decomposition method was used
to investigate the influence of Ba doping on the ferro-
electric and physical properties of ZnO nanoparticles
[26]. Synthesis of Ba-doped ZnO nanoparticles by ho-
mogeneous precipitation method under ambient con-
ditions and evaluation of their catalytic activity have
been reported by Rajabi et al [27]. In the available lit-
erature, there is no report on sonochemical synthesis
of Ba-doped ZnO nanoparticles. The objective of this
present work is to prepare undoped and Ba-doped ZnO
nanoparticles and investigate the influence of barium
(Ba) doping concentrations on the structural, morpho-
logical and optical properties of ZnO nanoparticles
using sonochemical synthesis method. The results
of this investigation contribute to the application of
synthesized nanostructures in optoelectronics devices.

2. Experimental procedure

2.1 Materials

Reagent-grade zinc nitrate (Zn(NO3)2·6H2O), barium
chloride (BaCl2·2H2O) and hexamethylenetetramine
(HMT) powders (99.0% pure) were used as precursors
without any pretreatment.

2.2 Synthesis

ZnO nanoparticles were synthesized by the sonochemi-
cal reaction between 0.05 Zn(NO3)2 and 0.05 M HMT.
The solution was prepared by dissolving 2.97 g of
Zn(NO3)2 in 100 ml deionized water and stirring at
300 rpm for 10 min. After adding 1.4 g of HMT under
continuous stirring, specific amount of barium chlo-
ride (BaCl2·2H2O) was introduced sequentially. ZnO
nanoparticles doped with 1 at% and 2 at% of bar-
ium are denoted as Ba1ZnO and Ba2ZnO, respectively.
The reaction solution was heated and kept at 50◦C for
10 min. Once the solution is changed into a steady
viscous white colloid, the stirring was continued for
another 10 min. The colloid was then transferred to an
ultrasonic bath (CupHorn Sonicator, Model-Heilscher
UP 400s) which, at the maximum electrical power of
400 W, supplied a continuous 24 kHz ultrasonic wave
under ambient conditions for 20 min. The white pre-
cipitate was recuperated by filtration and rinsed four
times with ethanol and distilled water, after sonication.

The precipitate obtained was dried in an oven at 100◦C
in air for 6 h. The final products were collected for
further characterizations.

2.3 Characterization

The crystalline phase of pure and barium-doped ZnO
nanoparticles were analysed by X-ray diffractometry
and the crystallite size (D) was calculated from Scher-
rer’s equation D = kλ/β cos θ , where β is the full-
width at half-maximum (FWHM) of the peak, θ is the
diffraction angle, λ is the wavelength of the X-ray
beam (CuKα ≈ 1.5406 Å) and k is the shape factor
equal to 0.9. Scanning electron microscope (SEM)
close-fitting with an energy dispersive X-ray spectros-
copy (EDX) (JEOL JSM-840A) were used for elemen-
tal analysis and for analysing the surface morphology
of the prepared nanoparticles. Transmittance and opti-
cal absorbance of the undoped and Ba-doped ZnO
NPs were measured using UV–Vis spectrophotometer
(JASCO, V-630) at room temperature. Spectrofluores-
cence (JASCO, FP-8200) with an excitation source of
wavelength 325 nm was used to study the luminescence
property of the synthesized nanoparticles at room tem-
perature. The Fourier transform infrared (FTIR) mea-
surements were recorded between 400 and 4000 cm−1

wavenumbers with a (Shimadzu) Fourier transform spec-
trometer. Raman spectra were recorded in the range of
100–700 cm−1 by a spectrophotometer (HORIBA JO-
BIN YVON T64000 operated using 30 mW He–Ne red
laser with 632 nm wavelength).

3. Results and discussion

3.1 Structural characterization

The X-ray diffraction (XRD) spectra of the undoped
and barium-doped ZnO nanoparticles are shown in
figure 1a. All samples exhibit sharp diffraction peaks
conforming to (2 0 0), (1 0 3), (1 1 0), (1 0 2), (1 0
1), (0 0 2) and (1 0 0) planes of wurtzite hexagonal
ZnO structure in conformity with the database of the
JCPDS number 36-1451. However, it is noticed that the
diffraction peaks conforming to (1 0 2), (1 1 0), (1 0 3)
and (2 0 0) planes appeared when the dopant amount
was increased to 1 at% and the intensity of these peaks
significantly increased unlike 2 at% Ba-doped ZnO.
No secondary phase was detected in the XRD pat-
terns of the doped samples. It can be observed from
figure 1 that the appearance of secondary phase beyond
1 at% of Ba doping level indicates the destruction of
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Figure 1. XRD patterns at (a) 2θ = 25◦–50◦ and (b) 2θ = 33◦–37◦ of Ba-doped and undoped ZnO NPs. Curve in black
indicates undoped ZnO, red indicates Ba1ZnO and blue indicates Ba2ZnO.

the structure quality. The diffractograms exhibited that
Ba2+ ions of the doped ZnO samples were only incor-
porated in the ZnO lattice. Figure 1b shows the change
in the 2θ angle of the diffraction planes of (1 0 0), (0 0
2) and (1 0 1) peaks at 2θ = 30◦–38◦ for undoped and
Ba-doped ZnO NPs. The diffraction peaks translocated
to higher 2θ due to the large radius of the Ba atom. To
identify the effect of Ba doping on the samples, the lat-
tice parameters a and c are calculated by using eq. (1),
where dhkl is the crystalline surface distance for hkl
indices.

1

d2
hkl

= 4

3a2
(h2 + hk + k2) + l2

c2
. (1)

Similarly, eq. (2) is employed to calculate the unit
cell volume

V =
√

3a2c

2
, (2)

where a and c are lattice parameters. To calculate the
crystallite size, the (1 0 1) plane (the strongest) was
selected and the dislocation density δ which represents

the amount of defects in the nanoparticles was deter-
mined using the formula (3):

δ = 1

D2
, (3)

which are tabulated in table 1. As shown in table 1,
decrease of crystallite size was observed for the doped
samples which are attributed to the inclusion of dopant
into the Zn sites. In addition, the ratio of lattice con-
stants (c/a) was approximately equal to 1.60, for all
samples. This result is in good agreement with values
of the bulk wurtzite ZnO.

3.2 SEM with EDX characterizations

The surface morphologies of the prepared samples
were characterized by SEM, as depicted in figure 2.
The SEM images obviously showed different mor-
phologies of undoped and Ba-doped ZnO NPs and
nanostructural homogeneities. The SEM result showed
the presence of agglomerated nanospheres. To that pur-
pose, rough morphology was found in figure 2. It is
noticed that the crystal becomes compact by increas-
ing the dopant level. However, the crystallite sizes of
the nanoparticles decrease from 25 to 12 nm with the

Table 1. Structural parameters of Ba-doped and undoped ZnO nanoparticles.

2θ value
along (1 0 1) Crystallite Dislocation density Lattice parameters (Å) c/a ratio Volume (Å3)

Sample plane size D (nm) δ × 1014 (lines/m2) a c

ZnO 36.1386 25.53 15.34 3.26 5.22 1.60 48.08
Ba1ZnO 36.1938 23.37 18.31 3.25 5.21 1.60 47.93
Ba2ZnO 36.2109 12.59 63.09 3.24 5.20 1.60 47.52
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Figure 2. SEM micrographs of Ba-doped and undoped
ZnO NPs. (a) ZnO; (b) Ba1ZnO; (c) Ba2ZnO and (d) EDX
spectrum of Ba2ZnO sample.

increase in dopant level. It can be seen from the SEM
images that particles size of ZnO varied in the range of
100–200 nm. It can be deduced that Ba doping slightly
influenced the surface morphology and the grain size
depending on the dopant level.

The elemental analysis of Ba-doped ZnO nanoparti-
cles was carried out by energy dispersive X-ray (EDX)
analysis. Figure 2d shows typical EDX spectrum of 2
at% Ba-doped ZnO nanoparticles. The presence of Ba,
Zn and O without contamination by any other element
was confirmed by EDX spectrum analysis. According
to experiments, the expected Ba/Zn ratio is 0.02 in the
samples. However, Ba/Zn ratio obtained in the Ba2
ZnO sample is 0.0285. This indicates that the amount
of Ba incorporation in the Ba2ZnO sample is slightly
bigger than the amount of Ba in the starting solution.
From this study, the presence of a small amount of bar-
ium particles in the system is identified which is also
confirmed by the phase purity of XRD.

3.3 Photoluminescence spectroscopy

Figure 3 depicts the room-temperature photolumines-
cence (PL) spectra of Ba-doped ZnO and undoped ZnO
under the excitation of 325 nm, which is an ordinary
method for the investigation of intrinsic point defects in
ZnO such as oxygen vacancies, interstitial zinc, inter-
stitial oxygen and zinc vacancies. Vaguely, the PL of
ZnO NPs shows one or more emission peaks in the
visible spectral range and one emission peak in the
UV region due to a recombination of free excitons,
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Figure 3. Photoluminescence spectra of Ba-doped and
undoped ZnO.

which are assigned to defect emissions [24]. As shown
in figure 3, undoped and Ba-doped ZnO samples
exhibit sharp and strong ultraviolet (UV) emission
peaks near 330 nm belonging to the exciton recombi-
nation equivalent to near band-edge (NBE) emission.
Two emission bands observed near 417 and 560 nm
are assigned to intrinsic defects such as the radiative
recombination of delocalized electrons near the con-
duction band with profoundly trapped holes in oxygen
centres and zinc interstitial, respectively [28,29]. The
electron transition from the level of the ionized oxygen
vacancies to the valence band can explain the emission
observed around 475 nm as noticed in the case of 1 at%
Ba-doped ZnO [30].

A nearly similar feature of the obtained PL spectra
with slight enhancement in the intensity was observed
for the undoped ZnO as compared to Ba-doped ZnO
spectra. This slight enhancement for the PL spectra
due to the incorporation of Ba dopant in the ZnO host
material may be attributed to the increased number of
defects in the material and surface states as discussed
by Wang et al [31]. However, the strong visible emis-
sions in doped ZnO NP samples may probably occur
due to the electronic transitions from the deep levels,
surface states levels to conduction band.

3.4 UV–Vis absorption characterization

Figure 4 shows the absorption of the corresponding
UV–Vis spectra of the undoped and Ba-doped ZnO
nanoparticles. The UV–Vis spectra showed that the
lowest absorption is obtained with Ba2ZnO samples.
The intensity of the absorption spectra in the higher
energy region increases from the undoped ZnO to 1
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Figure 4. UV–Vis absorbance spectra of Ba-doped and
undoped ZnO.

at% Ba-doped ZnO, after which the intensity decrea-
ses. This strong absorption means that the incoming
photons have sufficient energy to stimulate electrons
from the valence band to the conduction band.

Figure 5 shows the spectral behaviour of the normal
incidence transmittance T (λ) for the Ba-doped ZnO
and undoped ZnO NPs. As observed in figure 5, all
samples exhibit an average optical transparency over
80%, in the visible range. It is obviously clear from
the transmittance spectra that Ba2ZnO sample acquires
better transparency compared to pure ZnO and Ba1ZnO
samples, especially above 400 nm wavelength. Also, a
little dependence is observed for the measured trans-
mittance on the doping concentration of Ba at the
studied range, especially near the band edge.

3.5 Fourier transform infrared (FTIR) analysis

Figure 6 shows the FTIR spectra of Ba-doped and
undoped ZnO NPs. The FTIR spectra of the Ba-
doped ZnO and undoped ZnO nanoparticles contain
several bands without standing features. The spectral
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Figure 5. Transmission spectra of Ba-doped and undoped
ZnO NPs.

400 800 1200 1600 2000 2400 2800 3200 3600 4000

3757

3379

2924
2855

2369

1588

1504
1389

1042

880
833

679

 T
 %

 (
a.

u
)

Wavenumber (cm-1)

ZnO
Ba

1
ZnO

Ba
2
ZnO

Zn-O
C-O C=O

C-H
O-H

CO
2

424

Figure 6. FTIR spectra of Ba-doped and undoped ZnO
NPs.

bands observed at 424 and 679 cm−1 for undoped
ZnO, at 455, 495 and 679 cm−1 for Ba1ZnO, at 440
and 494 cm−1 for Ba2ZnO are correlated to metal
oxide bond and distinctly show the presence of ZnO
as reported in [32]. It is well-known that the peaks
in the range of 400–700 cm−1 correspond to ZnO
stretching modes as reported by Saleh et al [33].
Bands at 880, 1042, 1389 and 1504 cm−1 for undoped
and Ba1ZnO and band at 1397 cm−1 for Ba2ZnO
are attributed to the bending frequency and oxygen
stretching modes [34]. The presence of absorption
peak around 2369 cm−1 observed in the undoped and
Ba1ZnO shows the existence of CO2 molecules in air
and those at 2800–3000 cm−1 is due to C–H stretch-
ing frequencies. Bands are found to be blue shifted at
3379, 3757 and 3875 cm−1 indicating the presence of
OH group in undoped and Ba-doped ZnO respectively.
The Zn–O–Zn network is disrupted by the existence
of Ba in its environment. This disruption explains the
shift in the peak position of the ZnO absorption bands
observed by the XRD analysis.

3.6 Raman spectroscopy analysis

Raman spectroscopy was used to investigate dopant
incorporation, crystal quality for various ZnO nanos-
tructure induced defects, and disorder in the ZnO lat-
tice or to mark the possible secondary oxide. Raman
spectra of Ba-doped ZnO and undoped ZnO NPs from
100 to 700 cm−1 are shown in figure 7. Depending
on the group theory, two formula units per cell and
eight sets of optical phonon modes at the � point Bril-
louin zone, classified as A1+E1+2E2 modes (Raman
actives), 2B1 modes (Raman silent) and A1+E1
modes (infrared active) with single crystalline ZnO
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Figure 7. Raman spectra of Ba-doped and undoped ZnO
nanoparticles.

corresponds to C4
6v space group. The two polar modes

denoted as E1 and A1 are split into longitudinal opti-
cal (LO) and transverse optical (TO) branches [35].
As we can see in figure 7, three main Raman peaks
are observed. The modes at 331, 438 and 582 cm−1

are assigned to E2H–E2L, E2H, E1(LO) modes, respec-
tively. The second-order vibration mode observed at
331 cm−1 frequency arises from E2H–E2L. The stron-
gest and sharpest peak was found to be around
437 cm−1 and can be attributed to the high-frequency
branch of the E2 (high) mode of ZnO, which represent
the wurtzite crystal structure, the main Raman mode. It
is associated with the sensitivity of internal stress and
motion of oxygen atoms [36,37]. Origin of the above
mode may be due to the Zn interstitial. The band ob-
served at 573 cm−1 belongs to the E1 (LO) modes. It is
well known that E1(LO) peak is due to defects due to
O-vacancies, Zn-interstitials or these complexes, and
free carriers and is associated with the formation of de-
fects in the nanoparticles [38,39]. Moreover, the Raman
peak of E1(LO) obviously shifts towards a wavenum-
ber from 582 cm−1 of pure ZnO to 584 cm−1 for
Ba-doped ZnO. Its peak shifts towards higher wave
number probably due to impurity effects, in accordance
with the results of XRD analysis [40].

4. Conclusion

Undoped and Ba-doped ZnO nanoparticles were
obtained by sonochemical synthesis method. The XRD
peaks corresponding to ZnO were in good agreement
with the standard JCPDS data. The XRD results clearly

showed the incorporation of Ba2+ ions into the ZnO
lattice. The calculated crystallite size depicted that all
the samples are in nanometer scale. SEM analysis
shows the variation of particles size in the range of
12–26 nm. EDX analysis demonstrated the presence
of Ba, O and Zn in the sample. The FTIR and Raman
spectroscopy studies of Ba-doped ZnO and undoped
ZnO NPs exhibited the existence of the distinct char-
acteristic absorption peak for Zn–O stretching modes.
The room-temperature PL spectra exhibit a strong
ultraviolet emission of 330 nm, and the weak blue
and green emission peaks were observed at 417 and
560 nm respectively. The UV–Vis absorption spectrum
of the sample obtained with 2 at% of Ba, showed the
lowest absorbance in the visible region. UV–Vis trans-
mittance analysis shows high transmittance of Ba2ZnO
sample which suggests that this sample has good trans-
parency, especially above 400 nm wavelength. Also,
the high optical transparency provides suitable poten-
tial in organic solar cells or future optoelectronic
nanodevice applications.
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