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Undoped and boron doped ZnO films (nominal volume B/Zn ratio = 1%, 3% and 5%) were deposited onto
glass substrates by the sol gel method using spin coating technique. Zinc acetate dihydrate (ZnAc), 2-
methoxyethanol and monoethanolamine (MEA) were used as a starting material, solvent and stabilizer,
respectively. Trimethyl borate (TMB) was used as a dopant source. The pH value of the sol was adjusted
with glacial acetic acid and ammonia and it changed from acid to base in nature. The effect of pH value
and B dopant on the structural, morphological and optical properties of the films was investigated. The
doped ZnO
ol gel spin coating
H effect
ESEM
bsorption edge shift

crystalline structure and orientation of the films were investigated using XRD study. The crystallite size
of the films was determined. The XRD analyses showed that the undoped ZnO film crystallinity enhanced
when pH of the precursor sol was increased from 5.05 to 7.00. Surface morphology was studied by a
field emission scanning electron microscope (FESEM), and the effects of the doping concentration and
pH values on the microstructure of the films were investigated. The optical band gap values on the surface
morphology of the films were determined. The absorption edge shifted depending on the pH values and

the B dopant.

. Introduction

Semiconducting nanomaterials have attracted considerable
ttention due to their novel functionalities [1,2]. Zinc oxide (ZnO) is
merging as a material of interest for a variety of electronic applica-
ions such as varistors, gas sensors, transparent electrodes, and thin
lm transistor [3–7]. It can be used in a large number of areas, and
nlike many of the materials with which it competes, ZnO is inex-
ensive, relatively abundant, chemically stable, easy to prepare and
on-toxic. As an interesting chemically and thermally stable n-type
emiconductor, ZnO has a large exciton binding energy of 60 meV
nd wide band gap energy of 3.37 eV at room temperature. The non-
toichiometric ZnO thin films usually exhibit n-type behavior with
ow resistivity due to the oxygen vacancies and zinc interstitials.

In spite of extensive studies on preparation, properties and
ffects of dopants on the properties of ZnO, certain effects of
ither some dopants or preparation procedures are still remain-

ng unclear. Unlike the effects of In [8,9], Al [10,11], Sn [12,13], F
14,15] elements in ZnO, the effect of boron (B) is less discussed.

B doped ZnO films can be deposited by several methods such
s metal organic chemical vapor deposition [16,17], DC sputtering
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[18], pulsed laser deposition (PLD) [19], chemical vapor deposition
technique [20], spray pyrolysis [21,22], vacuum arc plasma evapo-
ration [23], and sol gel [24,25]. Among these methods, the sol gel
method is one of the most commonly used method for preparation
of transparent and conducting oxides owing to its simplicity, safety,
non-vacuum system of deposition and hence inexpensive method
for large area coatings. Other advantages of the sol gel method are
that it can be adapted easily for production of large-area films, and
to get varying band gap materials during the deposition process.

Despite these advantages, according to our knowledge there are
few reports about boron doped ZnO which is particularly prepared
by sol gel. Especially for boron doped ZnO films, to investigate the
effect of doping, it is important to discover the amount of reagents
to be added to the sol to obtain the best quality films. So, in this
paper, we report the effect of both B doping and pH on the struc-
tural, morphological and optical properties of the ZnO films.

2. Experimental

Undoped and B doped ZnO films were prepared by the sol gel method by
using spin coating technique. Zinc acetate dihydrate (ZnAc), 2-methoxyethanol and
monoethanolamine (MEA) were used as a starting material, solvent and stabilizer,

respectively. Trimethyl borate (TMB) was used as a dopant source. These solutions
of 0.5 M were mixed together in nominal volume ratio of the B/Zn (0%, 1%, 3% and
5%). The molar ratios of ZnAc and TMB to MEA were maintained at 1:1. The pH of
the as-prepared ZnAc sol was measured as 6.80. Glacial acetic acid or ammonia was
added to ZnAc sol drop by drop under constant stirring until the pH values reached
5.05, 5.77, 7.00 and 7.15. The pH values of the premixed sols in nominal different
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shows the effect of B doping on the surface morphologies of the ZnO.
It is clearly shown that the surface morphologies of the ZnO were
considerably affected by the doping of B. The granular structures
are disappearing with doping and the grains are getting smaller
with increasing B content. Furthermore, the homogeneities of sur-
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Fig. 1. XRD spectra of the undoped ZnO films for the different pH values.

olume ratios (B/Zn = 1%, 3% and 5%) were adjusted to 7.00. The obtained sols were
tirred at 50 ◦C for 2 h to yield a clear and homogeneous solution. The previously
ltrasonically cleaned glass substrates were coated with this solution at 3000 rpm
or 30 s and then each layer was heated at 300 ◦C for 10 min to remove the organic
ubstance. After the ten layers, all the films were annealed at 500 ◦C for 1 h.

XRD measurements were performed in air with an X-ray powder diffractome-
er (BRUKER D8 Advance). The diffractometer reflection of all the films was taken at
oom temperature. The films were mounted on rotating sample holders (15 rpm).

sealed X-ray tube operated at 40 kV and 40 mA with CuK� radiation was used.
ll measurements were performed in reflection geometry as coupled �–2� scans

30◦ ≤ 2� ≤ 60о) at a divergent slit of 0.5 mm width. Surface morphology was stud-
ed using a ZEISS ULTRAPLUS model field emission scanning electron microscopy
FESEM). For the optical transmittance measurements, we used a double beam Shi-

adzu 2450 UV-spectrophotometer with an integrating sphere in the wavelength
ange 190–900 nm.

. Results and discussion

.1. Structural and morphological properties of the undoped and
doped ZnO films

The XRD patterns of undoped ZnO films for the different pH
alues are shown in Fig. 1. As shown in this figure, all the films which
re polycrystalline with hexagonal wurtzite type structure (Phase
incite, JCPDS card file no: 36-1451) exhibit preferential orientation
long the (0 0 2) plane. The ZnO films whose pH value is higher
han 5.77 show a high diffraction intensity for the (0 0 2) peak. It
s clearly shown that the crystallinity of the films enhances with
ncreasing pH value. This means that the film deposited using the
ol of higher pH has more grain growth as compared to the film
eposited using the sol of lower pH. Furthermore, the intensity of
he (0 0 2) peak increases with increasing pH value. This increase
ndicates that large amount of volume of crystallites get oriented
long (0 0 2) plane.

B doped ZnO films were prepared at pH value of 7.00, because
he best film formation was shown at this pH value. So, the effect
f doping on the film formation was only studied by keeping con-
tant the pH value. The XRD patterns of undoped and B doped ZnO
lms at pH = 7.00 are shown in Fig. 2. It is seen that the intensi-
ies of (0 0 2) peaks decrease with increasing doping ratio. When
ifferently sized atoms are substituted in the ZnO lattice, some lat-
ice defects and distortion of the crystal lattice may occur [26]. The

RD result suggests that the incorporation of boron atoms leads to
suppression of the crystal growth along the c-axis. So, the crys-

allinity of the films was highly deteriorated with increasing boron
ontent. The intensity of (0 0 2) peak belongs to B doped ZnO films
2θ

Fig. 2. XRD spectra of the undoped and B doped ZnO films at pH = 7.00.

is lower than the undoped. This can be attributed to the formation
of stresses by ion size difference between zinc and boron and the
segregation of dopants in the grain boundaries.

The variation of Full Width at Half Maximum (FWHM) values
with the B content is given in Fig. 3. The FWHM values increase
with an increase of B content, which implies the degradation in the
crystallinity and the reduction in grain size of the film. The crys-
tallite size (D) of the films was calculated for the (0 0 2) plane to
have information about their crystallinity levels. Scherrer’s equa-
tion [27] was used to calculate the crystallite size of undoped and
B doped ZnO films and is given in Fig. 3. The broadened diffrac-
tion peaks with increasing B content imply a decrease in crystallite
size. In the case of B doping (which is trivalent), the concentration
of the zinc interstitials is reduced for charge compensation, result-
ing in suppressed ZnO grain growth and deteriorated crystallinity
[25]. The similar XRD features for B doped ZnO films have been
observed by Addonizio and Diletto [17] using low-pressure met-
alorganic chemical vapor deposition (LP-MOCVD) technique and
Kim et al. [26] using liquid source misted chemical vapor deposition
(LSMCD) method.

FESEM images for the undoped ZnO films for the different pH
values are shown in Fig. 4. All the films show granular structures.
It is seen that the grains which belong to the film deposited using
the sol with pH value of 7.00 are a bit larger than the others. Fig. 5
0 1 3 5
B %content

Fig. 3. Variation of crystallite size and FHWM values of the films at pH = 7.00 with
the boron content.
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Fig. 4. FESEM micrographs of the und

ace morphology also disappear. FESEM and XRD analyses contain
imilar results regarding the effect of doping. Fig. 6 shows cross-
ectional view FESEM images of the undoped and B doped ZnO
lms. These images show that the films are uniform and well adher-
nt to the glass substrates. Film thicknesses measured from the
ross sectional FESEM image are found to be within the range of
24–440 nm.

.2. Optical properties of the undoped and B doped ZnO films

Fig. 7a shows the transmittance spectra of the undoped ZnO
lms prepared with different pH in the range of 300–800 nm.
he average transmittance in the visible region was observed
bout 85% for the films. Transmittance spectra do not display
fringe pattern in the film obtained at lower than the 6.8 pH
alue. This means that the film formation is poor in the low pH
alues. This conclusion supports the XRD results. Fig. 7b shows
he transmittance spectra of the undoped ZnO and B doped ZnO
lms. The average transmittance values decrease with increas-

ng B dopant. The ZnO film shows a higher transmittance than
ZnO films for the different pH values.

the B doped ZnO films due to a smoother and more uniform
surface.

The analysis of the dependence of absorption coefficient on pho-
ton energy in the high absorption regions is carried out to obtain
the detailed information about the energy band gaps. The optical
band gap of the films is determined by the following relation [28]:

(˛h�) = B(h� − Eg)m (1)

where B is an energy-independent constant, Eg is the optical band
gap and m is an index that characterizes the optical absorption pro-
cess and it is theoretically equal to 2 and 1/2 for indirect and direct
allowed transitions, respectively. (˛h�)2 vs. photon energy of the
undoped and B doped ZnO were plotted and the values of the direct
optical band gap Eg values of the films were found. The variation
of Eg values depending on the B content is given in Fig. 8. It is seen

that Eg values decrease with increasing B content. This decrease in
optical band gap (∼50 meV) may be possibly due to the existence
of B impurities in the ZnO structure, which induce the formation of
new recombination centers with lower emission energy. The sub-
stitution of B3+ with Zn2+ increases the carrier concentration. So,
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Fig. 5. FESEM micrographs of the undoped and B doped ZnO films at pH = 7.00.

Fig. 6. Cross-sectional FESEM micrographs of the films at pH = 7.00.
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his increase in the carrier concentration may also cause a decrease
n the optical band gap. This may be due to the extension of elec-
ronic states of the impurity phase, precipitates and clusters, into
he band gap of ZnO.

. Conclusions

Sol gel method using spin coating technique was used to deposit
ndoped and B doped ZnO films. The effect of pH on the structural
nd morphological undoped ZnO films was studied and the opti-
um pH value was determined for the film formation. So, the effect

f doping on the film formation was investigated by keeping con-
tant the pH value. The XRD patterns showed that the crystallinity
f the films enhanced with increasing pH value and deteriorated
ith increasing doping ratio. The FESEM results exhibited that the

ncorporation of boron affected the surface morphology of the ZnO
lm. The values of the direct band gap Eg decreased with B content.
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