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Examination of the Change of the Characteristic X-Rays
of the Zinc in Fluorine- and Boron-Doped ZnO Thin Films
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In this study, Kβ/Kα X-ray intensity ratios of zinc in pure zinc, undoped ZnO thin film and boron and

fluorine-doped ZnO thin films have been investigated. These samples have been excited by 59.5 keV γ-rays from
a 241Am annular radioactive source. K X-rays emitted by the samples have been counted using an Ultra-LEGe
detector with a resolution of 150 eV at 5.9 keV. The Kβ/Kα X-ray intensity ratios of the doped ZnO thin films
have been compared with that of the undoped ZnO thin film. The deviations between the results can be explained
by delocalization and/or charge transfer phenomena causing change in valence electronic configuration of zinc.
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1. Introduction

Recently, thin film science has grown worldwide into a
major research area. The importance of the coatings and
the synthesis of new materials for industry have resulted
in a tremendous increase of innovative thin film process-
ing technologies [1–3]. ZnO is an n-type wide band gap
semiconductor with a wide direct band gap of 3.37 eV
at room temperature and large exciton binding energy of
60 meV [4]. ZnO thin films are materials widely used in
numerous applications such as piezoelectric transducers,
optical waveguides acousto-optic media, surface acoustic
wave devices, conductive gas sensors, transparent con-
ductive electrodes, solar cell windows, and varistors [5–
9]. Many researchers have added dopant such as Li, B,
N, F, P, Mg, Co, Cu, Ge, In, Te, and Zr to the ZnO
thin films for improving or changing the film’s hardness,
conductivity and optical, electronic, and electrical prop-
erties [5, 8, 10–13].

Energy dispersive X-ray fluorescence (EDXRF)
method and K shell fluorescence parameters such as
X-ray intensity ratios, fluorescence yields, cross-sections,
and vacancy transitions can be used to provide useful
information on the electronic structure of Zn transition
metal in the doped and undoped ZnO thin films. It
is well known that the X-ray fluorescence parameters
depend on the physical and chemical environments of the
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elements in a sample. This dependence can be explained
as due to changes of the 3d-electron population in the
transition metal.

When looked at the literature, there are a lot of inves-
tigations on the characteristic X-ray parameters of the
thin film alloys or thin films. The Kβ/Kα intensity ra-
tios of Ti, Cr and Ni in CrxNi1−x and TixNi1−x were
measured by Bhuinya and Padhi [14]. They explained
the results according to the charge transfer. Söğüt et
al. [15] investigated the alloying effects on Kβ/Kα in-
tensity ratios in CrxNi1−x and CrxAl1−x alloys and they
reported that K X-ray intensity ratios vary depending
on the concentrations of elements in the alloys. Raj et
al. [16] determined the valence electronic structure of Fe
and Ni in FexNi1−x using relative K X-ray intensity ra-
tios. They observed changes in 3d-electron population
of Fe and Ni for certain alloy compositions. Pawlowski
et al. [17] determined the Kβ/Kα intensity ratios of Ti,
Cr, Fe and Co in some alloys. They report that the ob-
served changes in the valence structure are due to the re-
arrangement of electrons between 3d and (4s, 4p) states
of individual metal atoms. Furthermore, the investiga-
tions from K to L shell/subshells vacancy transitions of
Zn and Fe in FexZn1−x thin film alloys were done by
Söğüt [18]. Dogan et al. [19] measured the K shell pro-
duction cross-sections and Kβ/Kα intensity ratios of Cr
and Zn in different alloy compositions. They also calcu-
lated empirical and semi-empirical K-shell fluorescence
yields and Kβ/Kα intensity ratios. Cengiz et al. [20] in-
vestigated the K shell fluorescence parameters of porous
Ni–49 at.% Ti shape memory alloys using EDXRF tech-
nique. The structure analyses of the alloys were made
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using X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). They attributed the deviations be-
tween the experimental results and theoretical values of
pure Ti and Ni to charge transfer phenomena and/or re-
arrangement of valence shell electrons and porosity.

The aim of this study is to investigate the variation
of Kβ/Kα X-ray intensity ratios of zinc in boron and
fluorine doped ZnO thin films by using XRF technique
according to the doping amount of boron and fluorine.
The obtained values were compared with the value of
undoped ZnO thin film.

2. Experimental details

2.1. Sample preparation

ZnO thin films were fabricated on glass substrates by
using the airbrush spraying. The deposition of films was
carried out in ambient air and under a fume hood. The
base ZnO solution was prepared by dissolving 0.1 M zinc
chloride (ZnCl2) in distilled water. For doping, 0.1 M
of boric acid (H3BO3) and a 0.1 M of ammonium flu-
oride (NH4F) are dissolved in distilled water and they
were added to the base solution in appropriate atomic
ratio. The atomic ratios of F/(Zn + B) in the solution
are adjusted by changing F (1, 2, 3, 4, and 5 at.%) and
B (2, 3, 4, and 5 at.%) concentrations. The starting so-
lution was sprayed onto heated substrates at 450 ◦C by
using an airbrush spray with pressurized air. To keep
the substrate temperature constant, the precursor solu-
tion was deposited cyclically, 8 s of spraying followed by
50 s without spraying. The spray nozzle to substrate dis-
tance was adjusted to 35 cm, and to get the uniform film
in thickness the lateral speed of the airbrush was set to
1 cm/s and the volumetric spray rate was set to approx-
imately 0.3 ml/s by adjusting the air pressure. It has
been shown that the thin films are in hexagonal wurtzite
structure and are in accordance with the reference given
in the PDF-2:01-079-2205 in previous work of Kerli et
al. [4]. The spraying process was repeated 20 times to
get the film about 1 µm thickness (Fig. 1).

2.2. XRF measurements

The boron and fluorine-doped ZnO thin film samples
were irradiated by 59.5 keV photons emitted by 50 mCi
241Am radioactive source. The characteristic X-rays
emitted from the target were detected using an Ultra-
LEGe detector (active area is 30 mm2, thickness is 5 mm,
and polymer window thickness is 0.4 µm). The measured
energy resolution of the detector system is 150 eV at full-
width half maximum for the Mn Kα line at 5.9 keV. The
output from the preamplifier, with pulse pileup rejection
capability, was fed to a multichannel analyzer interfaced
with a computer provided with software for data acqui-
sition and peak analysis. The sample was placed at 45◦
angles with respect to the direct beam and fluorescent
X-rays emitted 90◦ to the detector. All the samples were
measured at least three times and in order to minimize
the statistical errors, the averages of measurements were

Fig. 1. Cross-section SEM image of a thin film.

taken [3]. K X-ray spectra of zinc in ZnO thin film doped
with 4% fluorine are shown in Fig. 2. The Kβ/Kα X-ray
intensity ratios have been calculated by using the follow-
ing equation:

I(Kβ)

I(Kα)
=
N(Kβ)

N(Kα)

ε(Kβ)

ε(Kα)

β(Kβ)

β(Kα)
, (1)

where N(Kα) and N(Kβ) are counts observed under the
peaks corresponding to Kα and Kβ X-rays, respectively,
and I0GεKα and I0GεKβ are the efficiencies of the de-
tector for the Kα and Kβ series of X-rays, respectively
(since I0G is a constant value for during the experiment,
it is not written in Eq. (1) because it is abbreviated
in Eq. (1)). I0 is the intensity of the incident radia-
tion and G is a geometrical factor. β(Kα) and β(Kβ)
are the target self-absorption correction factors for both
the incident and the emitted radiations. The target
self-absorption correction factors and the efficiencies of
the detector have been calculated as in the previous pa-
per [18]. K X-ray spectra of Zn in ZnO thin film doped
4% fluorine are given in Fig. 2.

Fig. 2. K X-ray spectra of zinc in ZnO thin film doped
4% fluorine.
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3. Results and discussion

In this study, the Kβ/Kα X-ray intensity ratios of
zinc in pure Zn, ZnO thin film and fluorine- and boron-
doped ZnO thin films have been determined. The
present results are given for pure Zn and ZnO thin
film, and the fluorine- and boron-doped ZnO thin films

in Table I and Table II, respectively. Possible sources of
error in the determined the Kβ/Kα X-ray intensity ra-
tio are IGε determination (<1–2%), background deter-
mination (<1%), self-absorption (<1–2%), and counting
statistics (<1%). The total experimental relative error
is estimated to be 4–6%.

TABLE IKβ/Kα X-ray intensity ratios of pure Zn and ZnO thin film.

Kβ/Kα X-ray intensity ratios
Present paper Theor. Experimental

Sample
Scofield
[21]

Ertuğrul
et al. [24]

Khan
et al. [22]

Söğüt
et al. [25]

Rebohle
et al. [23]

Porikli
et al. [26]

Zn 0.1338±0.0096 0.1241 0.1360 0.1320 0.1254 0.1528 0.1359
ZnO 0.1148±0.0068 - - - - 0.1487 -

It is shown from Table I that the experimental val-
ues of the Kβ/Kα X-ray intensity ratios for pure zinc
agree with the theoretical value of Scofield and the other
experimental values for pure zinc. On the other hand,
the experimental Kβ/Kα X-ray intensity ratio value of
the undoped ZnO thin film is much lower than that of
the pure zinc. This can be due to influence of oxida-
tion [23]. The present situation is also shown between
the Kβ/Kα X-ray intensity ratios of the undoped ZnO
thin film and the theoretical value of Scofield. The rea-
son is that Scofield has calculated the intensity ratios for
pure Zn elements; so, it does not show the dependence on
the formal oxidation number. Besides, the deviations be-
tween the present and other experimental values can arise
from a different detector type, a different exciting energy,
a different detector efficiency and precision in measure-
ments as well as the sample difference.

The experimental Kβ/Kα X-ray intensity ratios of Zn
in fluorine- and boron-doped ZnO thin films and relative
Kβ/Kα X-ray intensity ratios with respect to undoped
ZnO thin film are given in Table II. The results show
that there is a lack of consistency between undoped ZnO
thin film and doped ZnO thin films. For fluorine con-
centrations from 1% to 3% the Kβ/Kα X-ray intensity
ratios of Zn is lower than that of undoped ZnO thin film,
whereas for other two fluorine concentrations the values
are higher. However, when the amounts of fluorine dop-
ing increase, the intensity ratios increase as shown in
Fig. 3. The Kβ/Kα X-ray intensity ratios of Zn for 2%
boron-doped ZnO thin film is higher than that of un-
doped ZnO thin film. For boron doping from 3% to 5 %
the values of the intensity ratios are lower. On the other
hand, as the amounts of boron doping increases from 2%
to 5%, the values of intensity ratios decrease as shown
in Fig. 3. When boron-doped is 1% and fluorine-doped
are changed by 1% to 3%, the Kβ to Kα X-ray intensity
ratios of Zn in ZnO:B:F are lower than that of undoped
ZnO thin film. If boron-doped is 2% and fluorine-doped
are changed from 1% to 3%, the Kβ to Kα X-ray inten-
sity ratio of Zn for 1% fluorine doping is higher than that
of undoped ZnO thin film, for others they are lower.

TABLE II

Kβ/Kα X-ray intensity ratios of fluorine- and boron-
doped ZnO thin film ( (IKβ/IKα)A experimental Kβ-to-
Kα X-ray intensity ratios and (IKβ/IKα)B relative Kβ-
to-Kα X-ray intensity ratios with respect to ZnO thin
film)

Kβ/Kα X-ray intensity ratios

Sample
Amount
of doping
F [%]

Amount
of doping
B [%]

(IKβ/IKα)A (IKβ/IKα)B

ZnO - - 0.1148±0.0068 1.0000
ZnO:F 1 - 0.1057±0.0079 0.9207
ZnO:F 2 - 0.1084±0.0048 0.9443
ZnO:F 3 - 0.1128±0.0090 0.9826
ZnO:F 4 - 0.1178±0.0106 1.0261
ZnO:F 5 - 0.1195±0.0117 1.0409
ZnO:B - 2 0.1171±0.0104 1.0200
ZnO:B - 3 0.1072±0.0084 0.9337
ZnO:B - 4 0.1043±0.0073 0.9085
ZnO:B - 5 0.1010±0.0098 0.8798
ZnO:B:F 1 1 0.1114±0.0108 0.9704
ZnO:B:F 2 1 0.1106±0.0087 0.9634
ZnO:B:F 3 1 0.1091±0.0071 0.9503
ZnO:B:F 1 2 0.1211±0.0920 1.0549
ZnO:B:F 2 2 0.1144±0.0093 0.9965
ZnO:B:F 3 2 0.1110±0.0101 0.9669

Besides, as the amounts of fluorine doping increase and
the amounts of boron doping are constant, the intensity
ratio values decrease as shown from Fig. 4. The inconsis-
tency between the intensity ratios of undoped ZnO thin
film and doped ZnO thin films can be explained by chang-
ing in 3d electron population due to delocalization and/or
charge transfer [16]. The crystal structure of the undoped
ZnO thin film has wurtzite hexagonal. Boron and fluorine
doping did not change the structure. However, as seen
from Table I, the intensity ratios of ZnO thin films has
increased and decreased by the concentrations of F and B
doping, respectively. This indicates that the fluorine and
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Fig. 3. The change of Kβ/Kα X-ray intensity ratios
of Zn according to the amounts of fluorine and boron
doping in ZnO thin films.

boron which enter the structure and replace with oxygen
has changed the crystal parameters [4]. Fluorine has a
bigger electronegativity value than oxygen, so it attracts
more valence electrons than oxygen. Boron has a smaller
electronegativity value than oxygen and a smaller from
that of zinc, so it attracts less electron than oxygen. This
causes the valence electronic structure of zinc to change,
thus resulting in changes in the Kβ/Kα X-ray intensity
ratios of Zn in fluorine- and boron-doped ZnO thin films.

Fig. 4. The change of Kβ/Kα X-ray intensity ratios of
Zn according to the amounts of fluoride doping in ZnO
thin films (amount of boron doping was fixed at 1 and
2%).

4. Conclusion

In this study, the Kβ/Kα X-ray intensity ratios of zinc
in pure Zn, undoped ZnO thin film and fluorine- and
boron-doped ZnO thin films have been determined. The

experimental values of the intensity ratios of pure zinc
agree with the theoretical value and the other experi-
mental values. The lack of consistency between the ex-
perimental values of pure zinc and the undoped ZnO thin
film can arise from the influence of oxidation. Besides,
the reason in the deviations between the intensity ratios
of the undoped and doped thin films can be from change
in the valence electronic configuration due to delocaliza-
tion and/or charge transfer.
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