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Application of X-rays to Interpret Intensity
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The K-shell characteristic X-ray intensity ratios of nickel (IT) oxide thin films generated by chemical
spraying with 1-6 percent boron doping were studied. An americium-241 radioisotope source generated
59.543 kilo-electron volt gamma rays at 50 mili Curie intensity for these samples. The distinctive X-rays
of the samples were calculated using a Canberra ultra-low energy germanium detector (with a resolution
of 150 electron volts at 5.96 keV). The results were interpreted based on the amount of boron doped in
nickel (II) oxide thin films, and it was discovered that, with the exception of boron doping quantities
of 5 percent and 6 percent, K-shell X-ray intensity ratios rose as boron doping amounts increased. The
findings are given and compared to those of the previous study. The obtained results are provided and
compared in the table to the other researchers’ theoretical and experimental results.
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1. Introduction

Nickel oxide (NiO) is a p-type semiconducting
oxide material with a large band gap of from 3.6
to 4 eV that is widely utilized as an antiferromag-
netic layer, a functional sensor layer in chemical
sensors, and an active layer in electrochromic de-
vices [1]. NiO thin films have also been investi-
gated as a desirable material for electrochromic de-
vices and as a functional sensor layer for gas sen-
sors [2-5]. NiO was once thought to be a prototyp-
ical hole-type semiconductor. Because the chemical
stability of the layers, as well as their optical and
electrical properties, have been outstanding, these
films have been created using a variety of physi-
cal and chemical vapor deposition processes, such
as reactive sputtering and plasma-enhanced chemi-
cal vapor deposition. The relationship between film
characteristics and process parameters, however, is
poorly understood. For example, chemical bath de-
position [6], reactive sputtering [7], electron beam
evaporation [8], spray pyrolysis [9], plasma accel-
erated chemical vapor deposition [10], pulsed laser
deposition [11], DC reactive magnetron [3] etc., and
many of their features were investigated.
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With the increasing complexity of materials used
in industrial and scientific settings, the energy-
dispersive X-ray fluorescence (EDXRF) approach
has been widely employed for qualitative and quan-
titative analysis of elements and compounds in a
sample, gaining more significance in the exami-
nation of these materials’ physical and chemical
properties [12]. In investigation [13], the average
L-shell fluorescence efficiencies and Ls-subshell fluo-
rescence efficiencies for the elements and their com-
pounds in the 73 < Z < 78 atom area were es-
timated. The purpose of work [14] was to define
the impact of chemistry and multiple ionization on
the L-shell production cross-sections, X-ray inten-
sity ratios, and average L-shell fluorescence yields of
both pure Ta and W elements and their compounds
(Ta, TaCI5, TaF5, TaI5, W, WSQ, WSiQ, W2B5,
WC, WO3, NapW0,2H20, WClg). In study [15],
L-shell production cross-section values Li, an in-
tensity ratio value Ir;/Iy, 1,2, and L-subshell fluo-
rescence yield values of elements with atomic num-
bers between 50 and 92 have been examined. The
study presented in [16] experimentally established
K-shell fluorescence characteristics for elements
with atomic numbers Z ranging from 21 to 30.
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The K- and L-shell X-ray fluorescence properties
of Co, Cu, and Ag in pure metals and in various al-
loy compositions were measured in [17]. Work [1§]
compared experimental and theoretical values to ex-
amine the alloying influence on Kz /K, X-ray inten-
sity ratios, K X-ray generation cross-sections, flu-
orescence yields, and KLM /K15 and KMM/K; 3
radiative Auger ratios in Zn,Coj_, alloys relative
to the pure metal for different concentrations. In
study [19], the valence electronic structure of Ni in
Ni-B alloy coatings has been determined using the
K-to-K intensity ratio, and the differences in the
3D electron population between pure Ni and alloys
have been used to analyze why there is an incon-
sistency between them. As is clear from earlier in-
vestigations, the X-ray fluorescence technique has
been used for a wide range of pure elements and
compounds, and a number of effects that have an
impact on the fluorescence characteristics have been
identified.

By oxidizing the p-type NiO layer, research on
transparent ohmic contacts for boron-doped dia-
mond has been conducted [20]. Another work [21]
investigated the synthesis and characterization of
spray pyrolyzed boron-doped NiO thin films. Ad-
ditionally, the optical characteristics of NiO thin
films with nanoscale boron doping were exam-
ined [22]. Sol-gel-produced Al-doped B-substituted
NiO films’ electrochromic characteristics were also
investigated [23]. It is clear from all of that research
that the properties of boron-doped NiO samples,
including contact structure, synthesis, characteri-
zation, optics, and electrochromic properties, were
examined.

In this study, the X-ray fluorescence technique
(XRF) was used to detect Kg/K, characteristic
X-ray intensity ratios, and the focus was on the
changes in Kg/K, characteristic X-ray intensity ra-
tios of boron-doped NiO thin films as boron doping
quantities increased.

Numerous features of the NiO compound, which
plays a significant role in the field of materials, have
been revealed in previous studies, but the valence
electron structure has not been the subject of any
research. The results of the K-shell intensity ratio
utilized to comprehend the valence electron density
are presented in this paper. In this regard, the study
has remedied the existing shortcoming. It is antici-
pated that this research will pave the way for future
research on valence electron structures.

2. Experimental procedure

2.1. Preparation of sample

By airbrush spraying, B-doped NiO thin films
were created on glass substrates. A basic NiO solu-
tion was produced by dissolving 0.1 M nickel nitrate
hexahydrate (Ni(NO3)26H20) in distilled water. In
order to dope the base solution, 0.1 M boric acid
(H3BO3) was dissolved in distilled water and added
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Fig. 1. Experimental geometries used to obtain

emission spectra with 50 mCi Am-241 source.

in the proper atomic ratio. Changing the B content
(1-6 at.%) changed the atomic ratios of B/NiO in
the solution. Using a pressurized airbrush spray, the
starting solution was sprayed onto heated surfaces
at 400°C. The precursor solution was deposited
cyclically, with 8 s of spraying followed by 50 s with-
out spraying, to maintain the substrate tempera-
ture constant. The airbrush’s lateral speed was set
at 1 cm/s, the spray nozzle to substrate distance was
adjusted to 35 cm, and the air pressure was adjusted
to set the volumetric spray rate at roughly 0.3 mL/s
in order to achieve a uniform layer thickness. There
were 20 repetitions of spraying required to create
films with a thickness of roughly 1 m. Looking at the
X-ray diffraction (XRD) results, it is seen that no
peaks other than leading impurities such as boron
or nickel metals and their compounds are observed
in the samples [21].

2.2. Detection of Kg and K, X-rays

Gamma rays emanating from the Am-241 ra-
dioisotope source at 50 mCi intensity were used to
excite the NiO:B thin film samples. The calculation
of the characteristic X-rays emitted from the ma-
terials was done with a Canberra Ultra-LEGe de-
tector (FWHM = 155 eV at 5.96 keV, active area
= 30 mm?, thickness = 5 mm, polymer window
thickness = 0.4 mm). To reduce the number of in-
accuracies caused by the counting statistic, each
sample was calculated with an actual calculation
time of at least 5000 s (live time). Figure 1 shows
a schematic representation of the experiment geom-
etry for calculating the Kz and K, X-rays of the
produced samples.

Using the following relation, the Kg/K, X-ray
intensity ratio values were computed,

I,

kol R NKﬁ IhGek, Pk, (1)
Ix, Nk, IGerk, B,
Here, N, and N, are target self-absorption cor-

rection factors for both incident and emitted radi-
ation, while ex, and ek, are detector efficiencies
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TABLE I
The empirical and theoretical values of K-Shell X-ray intensity ratios of current samples at 59.54 keV.
Boron Exper. Theor.
Sample . Scofield 1974 | Scofield 1974 | Electronic | Coulomb Babushkin
doping [%)] Iry /1K, .
[25] [26] configuration | gauge [27] gauge [27]
Pure 0 0.1376 +0.0083 |  0.1227 0.1401 | 3d°4s*4p? 0.1439 0.1452
nickel 3d"4s%4p! 0.1397 0.1410
3d%4s” 0.1361 0.1374
3d%4s’ 0.1333 0.1346
3d"° 0.1313 0.1325
NiO 0 0.1089 % 0.0065 - - - - -
NiO:B 1 0.1162 £ 0.0070 - - - - -
NiO:B 2 0.1147 £ 0.0069 - - - - -
NiO:B 3 0.1221 £+ 0.0073 - - - - -
NiO:B 4 0.1223 £+ 0.0073 - - - - -
NiO:B 5 0.1178 + 0.0071 - - - - -
NiO:B 6 0.1189 + 0.0071 - - - - -

for K3 and K, X-rays, respectively. In (1), G is a
geometrical factor, and I is the intensity of the in-
cident radiation. The detector efficiency of the IyGe
values is often calculated in a separate experiment
in experimental research. The values IyGe, which
include terms related to the incident photons, ge-
ometrical factor, and the absolute efficiency of the
X-ray detector in the examined energy range in the
same geometry, were calculated using the Kz and
K, characteristic with X-rays of the elements in the
24 < Z < 48 range. The relationship determined
the values IyGe for the current configuration

Nk,
K (2)
ok Pr; t
with ¢ = «, 8, where Ng; represents the number
of K, and Kg X-rays recorded at the K, and Kpg
peaks, and o, represents the ok, or ok, K-shell
fluorescence cross-section. Using the formulae for
Am-241, the value of IyGe was fit as a function of
energy accordingly

IoGEKi = AO + AlEl + A2E12 + A3E13

I()Ge':‘ =

+By + B1E; + By E?, (3)

where E; is the X-ray energy of type K, or Kg.
The experimental efficiency curve for the ultra-low
energy germanium detector is plotted as a function
of K X-ray energy. The left and right sides of ex-
perimental efficiency curve are represented by (3) in
the investigation [24].

The self-absorption correction factor for K, and
Kg was determined individually using

S ey
(v + )¢
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where the mass attenuation coefficients at the in-
cident photon energy and emitted characteristic
X-rays of the sample are p,. [cm?/g] and p.
[cm? /g], respectively. The measured mass thickness
of the sample is t [g/cm?].

3. Results and discussion

Table I (see also [25-27]) shows the Kg/K, X-ray
intensity ratios of pure Ni, boron-undoped NiO thin
film, and NiO thin film made by chemical spraying
with a 1-6% boron addition.

Figure 2 shows the spectral responses of boron-
undoped and boron-doped NiO thin films activated
with an Am-241 radioisotope source. According to
Fig. 2, there is no change in the energy of the nickel
peak, which means that the measurement system
is effective in this regard. In addition to the nickel
peaks K, and Kg, two more peaks are seen in the
spectrum. These peaks are a part of the lead plate
L, and Lg peaks, which protect the system. The
peak heights and net areas of Ni in boron-undoped
NiO and 1-6% boron-doped NiO thin films are very
different, as shown in Fig. 3.

Chemical effects on the K X-ray intensity ratios
could be to blame for the discrepancies in peaks
because the X-ray lines emitted by a pure element
differ from those emitted by the same element in
a chemical structure. Additionally, theoretical and
practical Kg/K, X-ray intensity ratios for pure
Ni, boron-undoped NiO, and boron-doped NiO thin
films have been examined in [25, 26, 28] and other
experimental results are presented in [29-34].

As seen in Table I, current experimental values
for pure Ni differ by 9% and 24%, respectively, from
theoretical values [25, 26]. The changes in Kg/K,
X-ray intensity ratios of boron-doped NiO thin films
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TABLE I
Inaccuracies in the numbers used to calculate the
parameters.
Nature of
Quality ] Uncertainty [%]
uncertainty
Nk ,
. peak area’s assessment <2
(i=a,p)
IoGexi many criteria are used <3
to evaluate the component
3 correction f‘actor <3
for absorption
t object thickness <2
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are found to be 0.3-7% and 15-22%, respectively,
when compared to theoretical values [25, 26]. They
differ by 20-26 percent when compared to exper-
imental results from [29]. However, the Kz/K,
X-ray intensity ratios of the boron-doped NiO thin
film deviate by 2-6% and 5-11% from those of pure
Ni and boron-undoped NiO thin films, respectively.
The margins of error in the calculations are shown
in Table II.

When examining Fig. 3, it can be seen that
K-shell X-ray intensity ratio values of pure nickel
are compatible with those in [26] and Coulomb
and Babushkin approaches [27], whereas NiO:B thin
films are compatible with the approach presented
in [55].
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Boron doping in NiO thin films altered Kjp
and K, X-ray emission capabilities of Ni (as seen
in Fig. 2). When compared to other experimental
and theoretical values, the experimental Kg/K,
X-ray intensity ratios of boron-doped NiO thin films
vary by 10-26% and 0.3-18%, respectively. As a re-
sult, it can be concluded that the chemical structure
of the materials has an impact on Kg/K, X-ray
intensity ratios. Specifically, unlike in the pure el-
ement state, when an element enters the structure
of an alloy, a chemical compound, or a thin film,
it affects the energy, wavelength, and shape of the
emitted X-ray line.

The electron configuration of Ni is [Ar] 3d%4s?,
and its valence state is 3d. The vacancy in the
K-shell is filled by some of the N- or M-subshells,

J

which results in some Kg X-rays. As a result,
K transitions are unaffected by valence state, al-
though they are affected by an element’s or com-
pound’s valence state fluctuation. Furthermore, the
valence electron configurations of a compounded
element and its pure form are distinct. In ad-
dition, further experimental and theoretical data
are required to verify the validity of the results
presented.

In order to identify experimental uncertainty,
measurements were repeated for each sample, with
a magnetic field value, without a sample, and with-
out a magnetic field. Throughout the experiment,
all components of the system remained stable. In
this study, the experimental uncertainty was calcu-

uncertainity of the cross sec. = exp. result \/ (

where ANk, and ANg, are calculation uncer-
tainty of the peaks of the K3 and K, X-ray in-
tensity, ABk, and ABg, are Bk, uncertainty for
the K3 and K, X-ray photons, and AlyGeg, and
AlpGeg, are effective photon flux uncertainty at
the Kz and K, energies. The overall degree of
uncertainty (approximately 6%) in several aspects
was calculated including peak area evaluation (2%),
IyGeg; product (3%), absorption correction factor
(3%), and object thickness (2%).

It can be shown that the pure nickel K-shell in-
tensity ratio measurements are consistent with the
theoretical values. It is evident that several val-
ues for the boron-doped NiO compound at different
concentrations do not match the theoretical values.
This is because, in the absence of theoretical equiv-
alents, these created samples are contrasted with
pure nickel.

4. Conclusions

In this study, the effects of boron doping of NiO
thin films from 1 to 6% on the Kg/K, X-ray in-
tensity ratios of nickel within NiO thin films were
examined. It can be argued that doping boron into
NiO thin film increases the probability of Kz X-ray
emission by changing the valence state of Ni present
in the structure of NiO thin film. Note that K3/ K,
X-ray intensity rates increased as the amount of
boron doped into NiO thin films increased.

The energy dispersive X-ray fluorescence
(EDXRF) technique is highly useful for determin-
ing the K3/K, X-ray intensity ratios, as evidenced
by this and another research. We feel that the
findings of this study will be valuable in a variety of
research areas, such as electrochromic devices and
a functioning sensor layer for gas sensors, among
others.

AN

N
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Due to the transverse (Breit) interaction, self-
energy, and vacuum polarization adjustments,
the obtained K-shell X-ray intensity ratios of
pure nickel are suitable Babushkin and Coulomb
values [27] and agree quite well with esti-
mated [26] values of the ratios of the K
X-ray components, which are in good agreement
with the experimental data in contrast to the
earlier single potential calculations because of
the exchange corrections of K X-ray emission
rates.

The derived K-shell intensity ratios of NiO:B
(1%, 2%, 3%, 4%, 5%, 6%) have been seen to
vary from Babushkin and Coulomb values [27] due
to the transverse (Breit) interaction, self-energy,
and vacuum polarization adjustments, and agree
quite well with values in [25], depending on how
the single-electron functions are constructed and
the gauge convention used. Depending on how
single-electron functions are generated and the tun-
ing convention chosen, it is possible to say that
the transverse (Breit) interaction, self-energy, and
vacuum polarization corrections have no impact
on the samples created using the chemical spray
approach [35].

(

In a previous work using the same materials as
this one [21], it was discovered that spray pyrolysis-
produced NiO thin films were affected by B doping.
Other than precursor impurities like B or Ni met-
als and their compounds, no peaks were seen. The
cubic structure of the NiO films is not altered by
B doping, as shown by the XRD patterns, and the
intensity of the (111), (200), and (220) peaks in-
crease almost linearly with increasing boron concen-
tration. When the boron impurity enters the NiO
matrix, a shift in the (111) and (200) peaks is no-
ticed, suggesting that the films still contain some
residual stress. Situations in the sample fabrication
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process are among our error causes, in addition to
measurement mistake and inaccuracies from com-
parison with pure nickel.

The valence electron state of pure nickel is iden-
tical to 3d®4s2, however, when oxygen and boron
are added at different quantities, it is important to
consider the non-rearrangement between the 3d and
4s4p states [27, 36]. Considering all the above re-
marks, it should be noted that the accuracy of the
boron doping ratios in the sample production pro-
cess is not complete.

The obtained results made it possible to reliably
interpret different experimental Kg-to-K, X-ray in-
tensity ratios for 3d transition metals in their com-
pounds and alloys. They can also give quantitative
data about changes in the valence electronic config-
urations of these metals in the systems under con-
sideration.
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