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Eﬀect of boron addition on ﬂuorine doped ZnO particles
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Abstract
ZnO particles co-doped with boron and ﬂuorine (B, F-ZnO) were prepared by a simple
hydrothermal technique. The reaction took place in an autoclave at 200 ◦C for 4 h. Then
the particles were annealed at 600 ◦C for 1 h and the characteristics of the particles were
investigated as a function of boron (1, 3 and 5 at.%) and ﬂuorine (3 at.%) concentrations in
the solution. X-ray diﬀraction (XRD) measurements showed that doped ZnO particles had
hexagonal wurtzite structure for all precursor solutions. Morphological characterization of the
particles was done by a scanning electron microscope (SEM) and the results showed that
the morphologies of all doped particles had a regular hexagonal shape. Thermal properties
of particles were investigated by TG-DTA analysis. The optical measurements reveal that
all absorption curves exhibit an observable absorption in the range 320–400 nm, with the
absorption edge in between 380 and 375 nm.
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1. Introduction
Zinc oxide (ZnO), a wide bandgap semiconductor
material with an energy gap of 3.37 eV and large excitation binding energy (60 meV), has attracted a great
deal attention for its potential applications including
surface acoustic wave ﬁlters, chemical sensors, transparent conductor, light-emitting diodes, solar cells,
and optical modulator wave-guides, etc. [1–5]. Various synthesis methods have been used to grow these
devices based on ZnO ﬁlms. These methods include
thermal evaporation, chemical vapor deposition, sol-gel method, electrochemical deposition, ion beam assisted deposition, rf magnetron sputtering deposition,
spray pyrolysis and hydrothermal deposition. Among
them, hydrothermal synthesis is the most attractive
especially due to the fact that it allows perfect control of purity, crystallinity, composition, size and morphology by simple tuning of the experimental variables: the reaction temperature, the time, the reactant
molar ratio and/or addition of the appropriate capping agents. Moreover, hydrothermal synthesis is en-

vironmentally safe and economical for large-scale production [6–10]. In recent years, introducing cation and
anion impurities in ZnO structure oﬀer an eﬀective
approach to adjust structural, optical and electrical
properties [11–15].
In literature, although there are a few papers related with both B and F doped ZnO ﬁlms prepared
with electrospraying and room temperature spraying
method [16, 17], we could not encounter any work related with B and F doped ZnO particles. For instance,
Mahmood et al. [16] investigated the structural, morphological, optical and electrical properties of ZnO
ﬁlms while keeping B concentration ﬁxed at 2 at.%
and changing F concentration from 0–10 at.%. Similarly, Kim et al. [17] worked on optical and electrical
properties of ZnO thin ﬁlm by changing F concentration while keeping the B concentration ﬁxed. In this
paper, diﬀerent from literature studies, we studied the
boron and ﬂuorine doped ZnO particles by keeping F
concentration ﬁxed as 3 at.% and changing B concentration as 1, 3, and 5 at.%. We also investigated
the structural, morphological and optical properties
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of boron and ﬂuorine doped ZnO particles.

2. Experimental details
The precursor solution was prepared by dissolving
0.1 M of zinc chloride (ZnCl2 ), 0.1 M of hexamethylenetetramine (HMT, C6 H12 N4 ), 0.1 M of ammonium
ﬂuoride (NH4 F), and 0.1 M of boric acid (H3 BO3 ) in
100 ml deionized water. The ﬂuorine concentrations in
precursor solutions were adjusted in terms of atomic
percentage 3 %, boron concentrations (1, 3 and 5 at.%)
with respect to zinc. Hydrothermal growth was carried out at 200 ◦C in an autoclave placed in a furnace for 4 h. After cooling naturally to room temperature, the transparent supernatant was removed by
pipette and white ZnO precipitate was lifted out. The
obtained particles were washed with distilled water
several times and dried at room temperature in air
for further characterization. All experimental conditions were kept the same for all samples. To investigate the eﬀect of annealing, the particles were annealed
at 600 ◦C for 1 h in air.
The crystal structures of ZnO particles were investigated by Philips X’Pert Pro X-ray diﬀractometer
(XRD), with Cu Kα radiation, the surface morphologies were observed using a Zeiss EVO-LS10 scanning electron microscopy (SEM) images. Thermal gravimetric and diﬀerential thermal analysis (TG-DTA)
curves were conducted with a Perkin-Elmer Diamond
TG-DTA at a heating rate of 40 ◦C min−1 in air. Optical properties of samples were obtained by using
a Shimadzu UV-1800 ultraviolet-visible spectrometer
(UV-vis).

3. Results and discussion
XRD pattern of ﬂuorine and boron-doped ZnO
particles, produced by hydrothermal method, are
shown in Fig. 1a,b. Spectra can be indexed to
hexagonal wurtzite-type ZnO crystal structures consistent with the values in the standard card (PDF-2,
reference code: 00-036-1451).
As seen in Fig. 1a,b, the contribution of ﬂuorine
and boron does not change the hexagonal wurtzite
structure. It is clearly seen that with the contribution
of ﬂuorine, peak intensity of ZnO particles decreases.
Morever, introducing boron impurities to ZnO structure also causes the decrease of the peak intensities of
ZnO particles. From Fig. 1a, some small intense peaks
between (100) and (200) peaks are also observed. It is
considered that these small peaks are originated from
hydroxide compounds of Zn. As seen clearly in Fig. 1b,
when the particles are annealed at 600 ◦C for 1 h, these
small impurity peaks are completely removed from
XRD pattern of particles. In addition, for annealed

Fig. 1. XRD spectra of (a) as prepared and (b) annealed
B:F-ZnO particles.

samples (Fig. 1b), the peak intensities of the planes
are also found to decrease with ﬂuorine and increase
boron doping concentration for all samples. This indicates that the crystalline quality of the B:F-ZnO
particles degrades when the ﬂuorine and boron doping increases. The reason for that might be the crystal
distortion by substitution of lower ionic radius ﬂuorine (133 pm) and boron (0.027 nm), which hinder the
growth of ZnO peaks. In addition, gradual change in
peak intensity implies that F and B atoms substitute
for Zn atoms in the structure.
The chemical structure of ZnO doped with low percentages ﬂuorine 3 at.% and (0.1, 3 and 5 at.%) of
boron was controlled by FTIR spectra. But due to
the low rate of contribution of boron and ﬂuorine, we
could not observe any peak associated with phases of
boron and ﬂuorine atoms in FTIR spectra. Similarly,
the EDX analysis was performed, but the rates of the
particles in the determination of ﬂuorine and boron
were also inadequate.
TG-DTA curves of ZnO and 3 % of ﬂuorine-3 at.%
of boron doped ZnO particles are shown in Fig. 2a,b.
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Fig. 2. TG-DTA trace for (a) ZnO particles, (b) 3 % ﬂuorine and 3 % boron doped ZnO particles.

In Fig. 2a, the TG curve shows two step weight losses.
The ﬁrst step at around 100–300 ◦C corresponds to
the loss of water molecules on the surface and interlayer of the ZnO particles. The second step occurs at
300–600 ◦C due to the decomposition of hydroxide and
other compounds in the precursor solutions. As seen
in Fig. 2a, the total weight loss is about 11 % for
the ZnO particles. For the Zn’s hydroxide compounds
structure, the ﬁrst weight loss occurred at a temperature of between 100 and 300 ◦C, which corresponded
to the loss of water molecules from Zn5 (OH)8 Cl2 H2 O,
to form ZnO and zinc chloride and hydrochloric acid
[18]:
100−300 ◦C

Zn5 (OH)8 Cl2 (H2 O) −−−−−−−→ 5ZnO + 4H2O + 2HCl.
(1)
The second weight loss occurred at a temperature
of between 300 and 600 ◦C, which was attributed to
the conversion of Zn5 (OH)8 Cl2 H2 O to complete zinc
oxide [19]. TG-DTA curves of %3F – %3B doped ZnO
particles are shown in Fig. 2b. Similarly, mass loss
recorded at low temperature was due to evaporation
of the solvent. The total weight loss was about 39 %
for the particles. The loss of mass of the structure is
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Fig. 3. Absorption spectra of B doped F-ZnO particles: (a)
as deposited, (b) annealed.

thought to be a result of evaporation of organics at
600 ◦C [18, 20].
Figure 3a,b shows annealed and as deposited
UV-visible absorbance spectra of B doped F-ZnO
particles. As seen in Fig. 3a, all absorption curves
exhibit an observable absorption in the range 320–
400 nm, with the absorption edge in between 380 and
375 nm, due to the large excitation binding energy. As
seen clearly in Fig. 3b, sharpness of the peaks of maximum absorption increases after annealing due to divergence of organic and hydroxide. This supports that
the crystal structure is better after annealing. In addition, from Fig. 3 it can be seen that the absorbance
edge decreases with increasing boron concentration for
all samples. The shift of absorbance edge to the shorter
wavelength (higher band gap) is the Burnstein-Moss
eﬀect [21], which is due to the increase of carrier concentration.
SEM images of as deposited and annealed boron
doped F-ZnO particles obtained with hydrothermal
method are shown in Figs. 4 and 5, respectively. As
seen in these ﬁgures, the distribution, size and micro-
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Fig. 4. SEM images of as deposited B doped F-ZnO
particles: (a) ZnO, (b) ZnO:3F%, (c) ZnO:3F%:1B%,
(d) ZnO:3F%:3B%, (e) ZnO:3F%:5B%.

structure of the ZnO powders change with the boron
and ﬂuorine doping concentration signiﬁcantly for all
samples. From SEM images, for as deposited samples
(Fig. 4), it was observed that when B concentration
increased in the solution, hexagonal rod structure became deformed and turned into rose-like structure.
This rose-like structure should be originated due to
hydroxide component of Zn. These results are in agreement with the XRD results. For annealed samples
(Fig. 5), it is seen that the rose-like structure assigned
to hydroxide compounds disappears and the length of

rod particles is decreasing with increasing boron concentration in structure.

4. Conclusions
In this study, undoped and boron doped F-ZnO
particles were produced by hydrothermal method.
XRD and SEM analyses have conﬁrmed that the
microcrystals have a crystalline structure with pure
wurtzite-type crystallites. Particles annealed at 600 ◦C
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Fig. 5. SEM images of annealed boron doped F-ZnO
particles: (a) ZnO, (b) ZnO:3F%, (c) ZnO:3F%:1B%, (d)
ZnO:3F%:3B%, (e) ZnO:3F%:5B%.

were found to have a better structure. Thermal gravimetric measurements show that thermal decomposition of hydroxide compounds of Zn atoms is occurred
at 600 ◦C. From UV-Vis spectrum, we ﬁnd that absorption edges of ZnO powders are decreasing with
increasing boron concentration. It is observed that
morphologies of ZnO particles are inﬂuenced by the
addition of boron impurity and the size of ﬂuorine
doped ZnO particles reduced with increasing concentration.
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