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Abstract: The effect of iron concentration on the microstructural and structural properties of ZnO for electrolysis and
photodetector applications was investigated. The thin layers of un-doped and doped ZnO with different percentages of
Fe (2, 4, and 6 wt.%) were deposited by spin-coating on glass substrates. Sample characterization was done by X-ray
diffraction (XRD), atomic force microscopy (AFM), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), UV—Vis absorption spectra and X-ray photoelectron spectroscopy (XPS). Structural measurements
by XRD showed that all the layers were composed of polycrystallines with a hexagonal Wurtzite structure. Two new
peaks were also discovered after the doping process belonging to the Fe,Os (400) and (440) crystal phase.
Morphological analysis showed that the surface roughness values of ZnO layers ranged between 8§ and 45 nm. XPS
studies confirmed the presence of Fe in 3+ states in ZnO layers. An average transmittance of 90% was measured by
UV—Vis in the wavelength range of 200—900 nm. The values of the energy gap (£,) decreased with an increase in the
concentration of Fe. AFM topography results confirmed that ZnO-based thin layers had a relatively uniform surface.
The efficiency of these samples has been confirmed for their use in many electrical applications, including
photodetectors and electrolysis of contaminated solutions.
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technologies such as renewable energy [1,2].
With the rise of electronics, opto-electronics,
and photovoltaic technologies, studies on the use

1 Introduction

ZnO is nowadays used not only as an additive
for the copper and cement industry, but also in
medicine and cosmetic industry as part of the
substitute materials of choice for the field of new

of ZnO as a semiconductor have significantly
increased, with the aim of taking advantage of its
unique physical and chemical properties. Since
the 1930s, ZnO has experienced a growing interest
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until the 1970s for its potential application in opto-
electronics [3].

The possibility of synthesizing ZnO single
crystals and epitaxial layers of high quality
exhibiting strong luminescence added to the
diversity of accessible nanostructures has motivated
a strong resurgence of interest in the scientific
community towards this material since the
mid-1990s [4]. ZnO indeed offers strong potential
applications considering its wide direct energy gap
of 3.37eV at room temperature, with a high
exaction binding energy of 60 meV, allowing
intense, exciting emission at room temperature,
strong piezoelectric properties, as well as high
electron mobility, up to 200 cm?-V~!-s7![5].

The abundance of zinc also stimulates this
interest, as do the low production costs of ZnO, its
low toxicity, and its biocompatibility [6]. These
advantages naturally lead to the consideration of
ZnO as an alternative to GaN for opto-electronics
in the blue and UV range. In addition, its good
transmittance in the visible, greater than 85%,
associated with a satisfactory electrical resistivity
of the order of 10*Q-cm for ZnO doped with
aluminum, makes it possible to consider the use of
ZnO thin films as transparent conductive oxide, in
particular as a replacement for In,O3:Sn (ITO) [7].
ZnO is also useful for space applications because of
its resistance to radiation, which is typically
stronger than other common semiconductors (Si,
GaAs, CdS, and GaN) [8].

The current interest around ZnO is partly
fueled by the very wide variety of nanostructures
that can be obtained with low-cost and easy-to-
implement elaboration methods [9]. Nanowires,
nanorods, nanoneedles, nanotubes, nano-helices,
nano-flakes, nano-rings, nano-ribbons, and nano-
combs of ZnO have thus been synthesized [10].
This unique characteristic of ZnO is notable for the
large number of review articles published over the
past twenty years devoted to synthesis, properties,
and applications of these nanostructures [11].

There has also been great interest in dilute
transition metal (TM) magnetic semiconductors due
to the possibility of manipulating their charge and
spin degrees of freedom. The doped diluted
magnetic semiconductors (DMSs) are potential
candidates for the next generation of spin electronic
devices, such as spin diode transistors, light-
emitting diodes, non-volatile storage devices, and

logic devices [12]. ZnO doped with transition
metals as dopants, such as Ni, Co, Mn, and Fe, has
been widely studied with the aim of modifying
magnetic properties for potential applications in
spintronic devices [13].

Ferromagnetism was focused on studying zinc
oxide doped with iron [14]. Few works have
systematically explored the optical properties of
ZnO after Fe doping [15]. HAN et al [16] showed
that both X-ray diffraction and X-ray photoelectron
spectroscopy analysis displayed that Fe atoms were
successfully incorporated into the ZnO thin films
and existed in the form of Fe’" mostly in 1at.%
Fe-doped ZnO films, and mainly existed in the form
of Fe*" in higher concentrations of films. Undoped
and Fe-doped zinc oxide (ZnO) nanofibers were
prepared by the electrospinning method to
investigate effect of transition metal ion doping on
photocatalytic performance of ZnO [17,18].

It was realized that the crystallization of ZnO
fibers was significantly improved by optimizing the
sintering conditions [19]. One of the most important
reasons for choosing Fe as a suitable dopant is that
it has the effective ionic radius of Fe?" (0.76 A) and
Fe’* (0.64 A) similar to that of Zn?* (0.74 A), which
helps to organize and reduce the distortion of the
crystal lattice of iron-doped zinc oxide to some
extent [14,20]. On the other hand, the chemical
state of iron ions plays an important role in
modifying the energy range. The replacement of Zn
ions by Fe would introduce some impurity levels
and enrich the energy level structure. The valence
states of Fe?" and Fe*" present in Fe-doped ZnO can
lead to both synergy and competition effects.

VIRDIAN et al [21] synthesized Fe-doped
ZnO thin films by the direct current reactive
magnetron co-spraying method, but experiments
showed that Fe doping can severely affect the
structural and physical properties primarily due to
changing the valence state of Fe from Fe** to Fe*'.
WANG et al [22] prepared a series of Fe-doped
ZnO films wusing a target-facing magnetron
sputtering system, and the results showed that Fe
was in two valence states.

The synthesis of ZnO thin layers doped with
magnetic ions is demonstrated by spin-coating
deposition [23], along with many other chemical
and physical deposition techniques such as dip-
coating [24], Spray coating, electrochemical
deposition [25], chemical vapor deposition [26]
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assisted or not by the vapor-liquid-solid (VLS)
process [27] and physical vapor deposition
(PVD) [28]. These nanostructures typically benefit
from excellent crystalline quality with good electrical
charge transport properties [29,30]. Moreover, its
magnetic properties depend on the method of
preparation, stoichiometric conditions, temperature,
raw materials, and pH. Their high form factor
allows large, developed surfaces and gives a high
chemical reactivity and a high sensitivity to surface
effects. These advantages can be used for a number
of applications, such as sensors and detectors [31].
Nanostructures have thus been integrated into
solar cells, including dye cells [32], extremely thin
absorber cells [33], quantum wells [34], or in
combination with perovskites [35]. In these cases,
ZnO nanowires are considered as an alternative
to layers based on TiO: nanoparticles due to a
higher mobility of electrons in ZnO than in TiO»
(200 cm?-V1-s! against 1 cm?> V™ !'s7!, respectively),
and their monocrystalline character, allowing a
direct electrical conduction path [36]. Very
popular applications with ZnO include UV photo-
detectors [37], piezoelectric nano-generators [38],
gas sensors [39], as well as light-emitting diodes
(LEDs) [40], transistors [41], and biosensors [42].
In this study, Fe-doped ZnO thin films were
prepared with different concentrations of Fe doping
(2, 4, and 6 wt.%) by the spin-coating method. The
doping effect of Fe has been studied to improve
the structural, morphological, and conductivity
properties of ZnO thin layers. Two applications are
presented based on Fe-doped ZnO samples. The
first one, the photodetector method, allows knowing
the sensitivity of thin layers in the dark and under
ultraviolet light. It was confirmed with this method
that the photocurrent of the photodetectors for
Fe:ZnO samples has significant photosensitivity to
UV light compared to the dark current. The second
method is the electrolysis of a dye (Methylene blue)

using thin layers and by applying an electric current.

During this process, many ions (Zn>* and Fe*") are
created, which disassemble and degrade the organic
compound and release carbon dioxide.

2 Experimental
The doped zinc acetate (Zn[CH3COQ],-2H,0)

(purity: 98%) (3.046 g) with different quantities
of iron (FeCls, H,O) (purity: 97%) (0, 2, 4 and

6 wt.%), was first prepared by dissolving in a
solution of ethanol (C,HsOH) (purity: 99.8%) and
ethanolamine [NH,CH,CH,OH] heated at 70 °C
with a heating plate. The concentration of zinc
acetate was maintained at 0.4 mol/L.

Before depositing the prepared solution on the
glass substrate, a value pH was calculated for the
four solutions and was found to range between
5.6 and 6.79. The relationship between precursor
solution viscosity and solution concentration is
given in Fig. 1 for 0 wt.% Fe, 2 wt.% Fe, 4 wt.% Fe
and 6 wt.% Fe shows that the viscosity increases
with increasing concentration [43]. The viscosity
value changed from 0.025 Pa‘s for the pure ZnO
to 0.034 Pa's for 6 wt.% Fe doped ZnO (6 wt.%
Fe:ZnO). This could lead to the doping of the initial
solution, affecting the structural and optical
properties of the studied thin layers [44].

0.036 |- 16.8
_ 16.6
2 0.033
& 16.4
>
20030 f / 162
]
3 16.0
< 0.027
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0.024 15.6
0

Concentration/‘\‘vt.%
Fig. 1
concentration of solutions of ZnO, 2% Fe:ZnO, 4%
Fe:ZnO, and 6% Fe:ZnO

Relationship between viscosity, pH and

For the preparation of thin films, a spin-
coating technique was used. The prepared solution
was sprayed onto the glass substrate, which was
cleaned with acetone and rinsed with water for
1 min at room temperature at 100 r/min spin speed
and then dried at 200 °C for 5 min. The process
is repeated four times. Finally, the layers were
annealed in an oven at 500 °C for 2 h. The different
steps for preparing solutions and layers are
illustrated in Fig. 2.

3 Results and discussion

3.1 X-ray diffraction

The results of XRD analysis with doped and
undoped ZnO thin films are shown in Fig. 3. We
observe in this figure, layers of hexagonal wurtzite
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Fig. 2 Synoptic diagram showing preparation steps for
Fe-doped ZnO-based thin layers using spin-coating
method
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Fig. 3 Diffraction patterns of X-rays obtained for thin
layers of Fe-doped ZnO

structure (JCPDS Card No. 36-1451). The crystallinity
of the ZnO layers decreases when the iron doping
concentration increases. Samples doped with
2 wt.%, 4 wt.%, and 6 wt.% Fe displayed additional
diffraction peaks compared to samples of pure ZnO.
The additional XRD peaks are (400) and (440),
corresponding to the Fe,O4 phase (JCPDS Card No.
22-1012) [45].

The crystallinity of the ZnO layers decreases
when the iron doping concentration increases. In
addition, there is a shift in the position of the
peaks (100), (002), (101), and (103), indicating a
dilatation of the crystal lattice by the introduction of
iron (Fe*: 0.55A) in the ZnO matrix and by
substitution on a Zn site (Zn>": 0.74 A) [46].

Table 1 gives the structural analysis results
with the different compounds contained in the
prepared samples. Based on the results, the average
particle size was approximately obtained. It was
found that the sample based on zinc oxide (ZnO)
contained a smaller particle size, estimated at
~16 nm, compared to the samples doped with
2wt%Fe (2% Fe:ZnO) and 4 wt.% Fe (4%
Fe:ZnO), which were estimated at 17 and 18 nm,
respectively. However, the sample containing thin
layers 6 wt.% Fe (6% Fe:ZnO) decreased in particle
size, reaching ~15 nm.

Changing the proportions of doping leads to a
distortion of the crystal lattice with a shift in the
angles and also an increase or decrease in the
intensity of the peaks [16]. This can be attributed
to the merging of defective atoms in the structure
due to their different ionic diameters [47]. Thus,

Table 1 Crystallite size, micro-strain and dislocation density of thin layers

Sample Phase (hkl) 260/(°) Birad D/nm  Micro-strain, &/%  6/10°m™

ZnO (100) 31.71 0.008526 16.91 0.43 3.49

ZnO ZnO (002) 34.31 0.008352 17.38 0.68 3.31

ZnO (101) 36.18 0.00957 15.24 0.42 4.3

ZnO (100) 29.94 0.0087 16.49 0.77 3.68

2 wt.% Fe:ZnO ZnO (002) 32.15 0.00783 18.43 0.39 2.94
ZnO (101) 33.74 0.008526 16.99 0.4 3.46

ZnO (100) 29.91 0.007134 20.12 0.47 2.47

4 wt.% Fe:ZnO ZnO (002) 32.15 0.008526 16.93 0.51 3.49
ZnO (101) 33.69 0.00783 18.51 0.43 2.92

ZnO (100) 29.94 0.0087 16.5 0.42 3.67

6 wt.% Fe:ZnO ZnO (002) 32.15 0.010266 14.06 0.38 5.06
ZnO (101) 33.67 0.009048 16.01 0.37 3.9
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interstitial sites are occupied by replacement of Fe**
impurity ions in the place of Zn** ionic sites in the
ZnO matrix [48]. It was also observed through the
increase of stress values from 0.51% to 0.58% and
dislocation values from 3.31x10° to 5.06x10° m™
with the increase of Fe-content in the layers from
0 to 6 wt.%. The grain particle size (D) calculation
was determined by the Debye—Scherer, micro-stress
(¢), and dislocation density (d) by formulas [49,50]:

D=0.9/(Bcosb) (1)
e=p/(4tand) (2)
5=1/D? (3)

where 4 is the wavelength of the anticathode (Ac,=
1.541 A), B is the FWHM (half-value width),
is the diffraction angle, D is the diameter of the
particle size, and 4, k, [ are Miller indices.

The calculated values from the network are
displayed in Table 2. It is noted that atomic
parameters (a, b, and ¢) change by changing the
iron ratio. This is attributed to the ionic radius
of Fe*" (0.55A) ions compared to network Zn>"
(0.74 A) ions [51].

One notes that the experimental network
parameters are not consistent with the theoretical
parameter, which is in the JCPDS file of software
instructions (00-036-1451) for zinc oxide. Based on
what has been calculated, the dimension of the cell
changes from one sample to another, and this is due
to the contraction and expansion that occurs at the
crystal network while doping the Fe element [52].

The values showed very less variation in the
mesh parameters during doping with 6 wt.% Fe (a=
3442 A, b=3.442 A and ¢=5.563 A) compared
to pure zinc oxide (¢=3.257 A, b=3.257 A and
c=5.642 A). Changes in the lattice parameters of
ZnO can indeed provide variations in band gaps: a

decrease in a, b, or ¢ leads to smaller band gaps
along with the shift of the absorption edge to the
lower energies, while the opposite trend is observed
when increasing a, b or ¢ [53].

The mesh parameter of hexagonal structure
materials (a=b#c, a=y=90°£p) is connected to the
indices (h,k,/) and the position of the duw peaks by
the following relation [54]:

1

\/4 — - 4)
(WP I+ bk )+

3a c

dhkl =

The D values evaluated vary in the range of
15—18 nm. It is also noted that the size of the
crystals increases initially with the introduction of
Fe into the ZnO films and then decreases with an
increase of 6 wt.% of the doping concentration
while obtaining a small crystal size estimated at
15 nm. A lower value of dislocation density (J),
which is the number of dislocation lines per unit
volume present in the fabricated films, indicates
fewer defects in the deposited layers and the
formation of higher-quality films at 6 wt.% doping
concentration [55].

Lattice strain (¢) is mainly caused by the
mismatch between the polycrystalline film and
the glass substrate [56]. The minimum value of &
obtained for 6 wt.% Fe indicates less lattice
mismatch with fewer defects between the substrate
and the grown ZnO film. The additional increase in
pressure at higher Fe-doping concentration can be
attributed to the shift in the preferred direction.
This means that the doping effect creates crystal
defects and leads to charge imbalance around the
doping. Moreover, it was found that the ZnO film
containing 6 wt.% Fe-doping showed small
crystalline size, dislocation density, and less lattice
defects than other samples.

Table 2 Lattice parameters (a, b, ¢) of studied sample as function of Fe content

Sample Phase a() (hkD)  dw(=nAQ2sin@)/A  a/A bIA /A
15.85 (100) 2.821

ZnO ZnO 3257 3257 5.642
17.15 (002) 2.612
14.97 (100) 2.981

2 wt.% Fe:ZnO ZnO 3442 3442 5961
16.07 (002) 2.783
14.95 (100) 2.985

4 wt.% Fe:ZnO ZnO 3446 3446 5.563
16.07 (002) 2.782
14.97 (100) 2.981

6 wt.% Fe:ZnO ZnO 3442 3442 5563
16.07 (002) 2.782
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Therefore, Fe-doping concentration of 6 wt.%
was chosen to improve the ZnO layers and
obtain better structural properties and, thus, a more
effective surface. According to the properties
obtained, 6 wt.% Fe:ZnO sample is a highly
sensitive photodetector for visible light and a good
motivator in photocatalytic applications [49,51].

RAMBU et al [57] studied thin films of zinc
oxide deposited by a sol—gel method. They found
that the polycrystalline structure is of Wurtzite type.
The doping with 6 wt.% and 8 wt.% of Fe showed a
ZnFe;04 spinel phase. It was attributed to the high
concentrations of Fe, which resulted in a decrease
of the (002) peak intensity. The increase in the
doping ratio caused an increase in the crystal size
from 196 to 255 A [57].

YADAV et al [58] confirmed that no secondary
phase appeared except for the ZnO phase
(hexagonal Wurtzite) after the deposition of ZnO
thin layers using the rf magnetron sputtering
technique on c-Si substrates. The same behavior
was observed with an increase in the concentration
of iron doping with a shift of the peaks towards
small angles. This is due to the formation of a
triangular pyramid through the union of an oxygen
atom adjacent to four Zn atoms. The oxygen is
concentrated with an increase in the distance
between the Zn—O and Zn—Zn bonds. The

replacement of Zn?" ions with an ionic radius of
0.60 A is done with smaller Fe*" ions with a radius
of 0.49 A [58].

TAHA et al [59] found that the Wurtzite
structure of Zn;—Fe.O does not change, and no
secondary phases or impurities were detected as a
result of iron doping such as FeO, and Fe;O4 when
the sol—gel technique was utilized to deposite the
layers. This result is attributed to the incorporation
of iron ions into zinc sites within the crystal lattice.
The effect of iron incorporation was noticeable
through an increase in the size of the granules when
iron ions were replaced with zinc, as an increase in
the distance between atoms caused the lattice to
expand [59].

3.2 Atomic force microscopy (AFM)

Figure 4 shows the 3D morphology of Fe:ZnO
thin films deposited on glass substrates with
different concentrations. It can be seen that the pure
Zn sample (Fig.3(a)) has a regular topography
along the surface. The roughness is lower than
samples with 2 wt.% Fe:ZnO, 4 wt.% Fe:ZnO and
6 wt.% Fe:ZnO after iron doping, where the
formation of irregular hierarchical grains on the
surface of the samples is observed. Statistical
processing of AFM images over a 3 um area using
Gwyddion software allowed us to estimate the grain

Fig. 4 AFM measurements of surface for different concentrations of Fe doping: (a) ZnO; (b) 2 wt.% Fe:ZnO; (c) 4 wt.%

Fe:ZnO; (d) 6 wt.% Fe:ZnO
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size variation of Fe-doped ZnO thin layers and their
roughness as a function of doping concentration
(Fig. 4).

These values show that the grain size increases
as the iron concentration increases from 58 nm in
the case of pure ZnO to 138 nm with an iron doping
concentration of 6 wt.%.

On the other hand, the RMS roughness values
increased to 46 nm for the 6 wt.% Fe:ZnO sample
compared to 7.40nm for a pure ZnO sample
(Fig. 5). A deterioration of the surface texture
is then observed with doping. The increase in
size and roughness as a function of iron doping
concentration from 2 to 6 wt.% Fe can be attributed
to the introduction of iron as a substitute in the ZnO
lattice and the appearance of the new Fe,O4 phases.
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Fig. 5 Variation in grain size of Fe-doped ZnO thin films
for different doping concentrations

The AFM images show self-affine surfaces
(Fig. 4). The scaling behavior of the roughness is
characterized by three parameters: (1) RMS value
of surface heights (Sy) (vertical fluctuations of
roughness), (2) the correlation length (&) indicating
the distance on the surface over which the points
can be considered uncorrelated, and (3) the
roughness exponent (o) measuring the relative
contribution of high-frequency fluctuation to
roughness. These parameters were obtained from
the height-height correlation function (HHCF),
H(r). The HHCF is defined by the statistical
average of the mean square of height difference
between the pair of points, separated by a distance
(r), and is written as [60]

H(ry=(h(r+1")y-h(r")P) )

where H(r) is the surface height at a point » and
H(r+7") at a point 7 shift by a quantity »'.

The HHCF function H(r) can be modelized by
a function [61]:

H'(r)=20>{1-exp[~(+/£)*1} (6)

where o is the interface width, & is the lateral
correlation length, and « is the roughness exponent.
o gives the fractal characteristics of the random
surface and is related to the Horsdorff dimension or
fractal dimension Dr with Dr=d—a. Here d is the
embedded dimension of the surface. When o=1, the
surface is random with a Gaussian correlation.

The lg—lg plot of H(r) is obtained from AFM
images as a function of distance » and is shown in
Fig. 6. The measured values are fitted with the
modelized equation of the HHCF with the goal of
extracting the parameters a. The HHCF is divided
into two distinct regions as a function of . For r<<
&, the curve is a right curve, and for r>> & the
function reaches a plateau. The saturation values
correspond to the long-range film roughness and
H'(r) ~20°.

-14
T 6 Wt.% Fe:ZnO
il Tim| 4 wt.% Fe:ZnO
& u“u
g S ®
S 16} 8
0 * 2 wt.% Fe:ZnO
- o 20% _
-17 L ) S
‘ ’ Slope=2a i
_18 i 1 1
-8 -7 -6 -5

lg(r/m)
Fig. 6 1g—1g plot of HHCF, H(r) as function of distance r
for Fe-doped ZnO thin films on glass substrate for
different doping

The values of & and « are plotted in Fig. 7. The
correlation length has a maximum of 2 wt.%
doping. It can be observed that the Hurst exponent
or the roughness exponent decreased as a function
of the doping. The Hurst parameter measures the
short-range roughness or estimates the random
fluctuations in the short range. When the doping is
increased, the grain surface structure is reduced,
and the height irregularities Sq are improved. For a
pure ZnO material, a low value is measured. This
value of a means that a large contribution of high
spatial frequency fluctuations to the roughness is
present in Table 3.
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Fig. 7 Evolution of correlation length £ and a (Hurst
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Table 3 Mean roughness and kurtosis of samples
Mean square

roughness or RMS Mean Kurtosis,
Sample . roughness,
of height
. . Sa/nm
irregularities, Sq/nm
ZnO 3 2 1

2 wt.% Fe:ZnO 7 5 4

4 wt.% Fe:ZnO 29 23 -0.3

6 wt.% Fe:ZnO 27 17 6

RAMBU et al [57] found similar results when
they evaluated the effect of iron with 6 wt.%,
8 wt.%, and 10 wt.% doping on the surface of ZnO
films. They observed that the surface undergoes

ey G

Fig. 8 SEM images of thin layers of ZnO before (a, b) and after (c, d) doping with 6 wt.% Fe

modifications with the formation of crystals with
nano-longitudinal shapes characterized by voids
and elevations in the case of pure zinc oxide.
However, an increase in the percentage of doping
resulted in a change in the shape and fusion of the
crystals, which contributed to an increase in their
size [57]. The 3D analysis with AFM [62] with
doped ZnO thin films with concentrations of 2, 4, 6,
and 8 wt.% Fe prepared by spin-coating technique
revealed that the addition of Fe increases the
surface roughness and porosity and decreases
particle sizes (from 100 nm for ZnO to 72 nm for
8 wt.% Fe:ZnO) [62] contrary to our experiment.

3.3 Scanning electron microscopy (SEM)

The ZnO thin layers observed with SEM in
Figs. 8(a—d) showed that they have a morphology
that looks like undulated wave patterns. The results
indicate that the samples have a coarse thickness.
This can be attributed to the effect of the
spin-coating method used to deposit a significant
layer on the substrate. The technique of fabrication
leads to the growth and agglomeration of the
primary nuclei in the form of a uniform structure
that appears as a crust. A high concentration of
iron (6 wt.%) led to the appearance of irregular
cracks on the surface of the sample and showed
ganglia-like hills.

-
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A magnified image in Figs. 8(b, d) presents the
shape of the granules. A change from spherical for
pure ZnO layers to a pyramid-like shape after
doping with 6 wt.% Fe, which was previously
demonstrated by AFM, is observed.

These results are consistent with the results
of YAO et al [62]. Samples of ZnO on a glass
substrate was formed at the nano-size similar
shapes with a uniform structure with hills that
resemble smooth knots when the image was
enlarged. The 4 wt.% Fe:ZnO sample showed a
wafer-like structure oriented in different random
directions [62].

The SEM images of Fe-doped ZnO films
prepared by SRINIVASULU et al [63] using spray
pyrolysis technique showed small size grains
distributed along the surface. With the increase in
the concentration of iron, the surface roughness
increased due to the inhomogeneous distribution of
granules and the occurrence of agglomerations due
to gathering of primary nuclei, which contributed to
the formation of a compacted layer [63]. Surface
analysis images of ZnO and Fe:ZnO samples
prepared by KAFLE et al [64] show that the size of
the granules increases with the concentration of
steroids of 4 wt.%, through the formation of
granules that take the form of long columns similar
to earthworms [64].

For EDAX analysis, the spectra recorded for
Zn0O and ZnO doped with 6 wt.% Fe are shown in
Fig. 9. It is observed that the chemical composition
of zinc oxide (Fig. 9(a)) consists only of the basic
constituents zinc (Zn) and oxygen (O). For
Fe-doped ZnO (Fig. 9(b)), the Zn peak is well
diffracted with traces of impurities in negligible
proportions, which are provided by base powder.
The EDX images consist of Zn, O, and Fe peaks.
They confirm the presence of a Fe content of
approximately 14.2 wt.% while the zinc amounted
to be 46.7 wt.% in the Fe:ZnO sample, as shown in
Fig. 9(b). This is consistent with the results of
KAFLE et al [64], where the presence of the iron
peak can be clearly seen even if the doping is weak.

3.4 Optical properties of Fe:ZnO thin layers

The optical properties of undoped and Fe-
doped ZnO thin films with different concentrations
(0—6 wt.%) were studied using the UV-Vis
spectrophotometer in transmission mode. The
UV-—Vis transmittance spectra of ZnO-based thin

films were acquired in the range of 200—900 nm
and are presented in Fig. 10.
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Fig. 9 EDX spectra of ZnO (a) and 6 wt.% Fe-doped
ZnO (b)
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Fig. 10 Transmittance spectra of Fe-doped ZnO thin
films with different concentrations (0, 2, 4, and 6 wt.%)
deposited on glass substrates

As can be seen, a high transparency in the
visible region of 400—800 nm is observed for all
samples. The average transmittance exceeds that
(Tmoy>80%). However, the transmittance of ZnO
slightly decreases up to (~75%) as the Fe
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concentration increases. This effect may be due
to the increase in optical scattering due to the
surface morphology observed by SEM. Moreover,
interference fringes were also observed due to
multiple reflections at different interfaces and
indicated that all deposited films are smooth,
uniform, and thick [65].

On the other hand, we observed a small shift
of the absorption edge towards low energies with
increasing Fe concentration. This shift confirms that
the Fe has been incorporated correctly into the ZnO
matrix. This shift also confirms the existence of a
change in the energy gap of the samples before and
after doping.

RAMBU et al [57] studied the optical
properties to find out the effect of iron doping
deposited with spin-coated technology. It was found
that the transmittance of the films decreases with an
increase in the concentration (ranging between 80%
and 90%). This effect is due to the formation of
secondary phases and the increase in surface
roughness and thickness, as well as defects in the
crystal lattice. The
observed with the increase in the percentage of iron
by controlling the absorption edge in a direction
towards higher wavelengths [57].

The results are also similar to those reached by
KAFLE et al [64], where the transmittance of the
samples deposited by the spin method was 75% for
4 wt.% Fe:ZnO film and 85% for a pure ZnO film
with a shift in the spectra of the samples in the
presence of an increase in the concentration of
iron [64].

The UV—Vis absorption spectra (about 375 nm)
give the value of the gap energy E; with the Tauc’s
method, by plotting the curve (ahv)* as a function of
hv and then by extrapolating the linear part. The
intersection point of the tangent with the horizontal
axis at /=0, allows to extract the value of the gap
E;. The Tauc curves are shown in Fig. 11(a). The
optical band gap of the thin films is determined by
Eq. (7) [66]:

(ahv)=A(hv - E,)" (7)

same behavior was also

where 4 is a constant, 4 v is the photon energy, and
E, is the optical band gap.

The evolution of the ZnO optical gap as a
function of the Fe doping concentration is presented
in Fig. 11(b). The gap energy refers to the electronic
transitions that take place at the semiconductor

level. The gap energy of ZnO is 3.20 eV. This value
is consistent with reported data [57]. In this figure,
we see that the ZnO gap decreases from 3.20 to
3.03 eV, when the Fe concentration increases from
0 to 6 wt.%. This decrease can be attributed to the
appearance of doping energy levels in the bandgap
of ZnO, leading to its reduction.
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Fig. 11 Determination of gap energy by extrapolation of
linear part of Tauc curve for Fe:ZnO thin layers

Changes in their band gaps and shifts in
absorption edges with respect to alteration in the
lattice parameter have been investigated by optical
measurements. It is possible to shrink a by about
0.018 nm (or 1.8%), that leads to the gap reduction
from 3.20 eV (ZnO) to 3.03 eV (6 wt.% Fe:ZnO).
By means of initial calculations, we explore the
possibility of manipulating band-gap values in ZnO
along with the corresponding shift in the absorption
edge by changing its a, b, and c lattice parameters
during iron doping. It is revealed that an increase in
any of the lattice parameters provides band-gap
enlargement, while the opposite trend is observed
when decreasing the lattice parameters [53].

Owing to the reduced optical bandgap,
the results revealed that Fe-doping can lead to
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significant improvement in the electrolysis activity
of ZnO. The ZnO thin layers showed the optimum
photocatalytic and electrolysis activity for 6 wt.%
Fe doping, which was attributed to the presence
of maximum dopant ions in the ZnO matrix. The
enhanced photocatalytic, electrolytic, and photo-
detector performance of Fe:ZnO could increase its
scope of industrial and commercial applications
[59,62].

The results presented are consistent with those
of YAO et al [62]. They concluded in their study
that the energy gap decreases with an increase of
the iron content from 3.75 V, which corresponds to
0 wt.%, to 3.3 eV, which corresponds to 8 wt.%.
This is due to the emergence of donor levels near
the conduction band within the energy gap of zinc
oxide due to the presence of banned impurities [62].
KAFLE et al [64] showed an inverse behavior.
They observed a sudden increase in the energy gap
from 3.25 to 3.4 eV. They attributed this difference
to the polycrystalline nature of the films, the
complex crystalline phases, and distortions in the
crystalline structure [64].
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3.5 XPS analysis

X-ray electron spectroscopy was used to
estimate the chemical composition and to determine
the valence state of iron in Fe:ZnO films prepared
at a substrate temperature of 500 °C with a doping
concentration of 6 wt.%. XPS spectra were
analyzed by taking the C 1s peak (284.5¢V) as a
reference. The atomic concentrations of different
elements present in the films were also calculated
using the areas under the respective peaks. From
Fig. 12(a), it is seen that the strong peaks observed
at 1021.21 and 1045 eV, respectively, correspond to
Zn 2p3» and Zn 2p1». However, full scans of pure
ZnO films doped with iron showed high resolution
spectra for the constituents shown in Fig. 12(b).

The variations of peak intensities of oxygen
and iron in 6 wt.% Fe-doped ZnO films are shown
in Figs. 13(a, b). The peaks observed at 713.12 and
729.13 eV with a peak separation of 16.41 eV were
different from the binding energy values of Fe and
Fe in FeO and are, therefore, due to the Fe 2p3,» and
Fe 2pi» peaks, respectively (Fig. 13(a)) [51]. This
confirms the presence of iron in the 3+ state in the
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Fig. 12 XPS spectra of ZnO (a) and Fe-doped ZnO (b) thin layers
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Fig. 13 Narrow scan XPS spectra of Fe 2p (a) and O 1s (b) peaks of 6 wt.% Fe-doped ZnO layers
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experimental films. The binding energy peaks
obtained for Fe’* agree closely with the peaks
(713.12 eV of Fe 2ps3» and 729.13 eV of Fe 2pin)
for Fe** mentioned in the Handbook of X-ray
photoelectron spectroscopy [52]. It can also be
observed that the O 1s region is confirmed with
a peak at 531.2 eV (Fig. 13(b)), and this can be
attributed to O* ions in the Wurtzite structure of
hexagonal ZnO [57,58]. The broad nature of the
peak could be due to the different coordinations of
oxygen in the films.

These results agree with the results of
RAMBU et al [57], where the XPS analysis of the
samples (ZnO, 6 wt.% Fe:ZnO, 8 wt.% Fe:ZnO
and 10 wt.% Fe:ZnO) indicated that Zn?" ions are
replaced by both Fe** and Fe*" ions, due to the
different temperatures that were used during the
treatment. Also obtained values are close to what
was obtained for the binding energy peaks at 711.13
and 724.66 ¢V, which respectively correspond
to Fe2ps» and Fe2pin bound to Fe** ions in
Fe-doped ZnO films prepared by spin coating
technique [59].

The ZnFe;,O4 phase changes the surface
shape with the difference in the doping ratio.
SRINIVASULU et al [63] found that the binding
energies of ZnO samples prepared with a Fe-doping
of 6 wt.% and 1 wt.% were close to the standard
binding energies of Zn in zinc oxide and differed
from the initial binding energies. This result
confirms its presence in the films [63].

3.6 Sensitivity of thin layers for photodetectors
in dark/UV light

Photodetectors consist of a homogeneous
(photosensitive) semiconductor material that is
connected to an electrical circuit by means of
two electrodes. A voltage difference between the
two different electrodes is applied to delivering a
current. Under the influence of the light beam, the
photodetector generates electron—hole pairs that
modulate the conductivity of the absorbed layer
and, thus, the conductivity of the semiconductor. An
increase in the current intensity in the circuit will
occur.

Electrical measurements were performed in
order to test the light sensitivity of the Fe:ZnO thin
films. The electrical properties of the voltage were
measured in the dark and under UV illumination
(4=254 nm) by changing the applied voltage in the

range of 0—12 V and by acquiring the value of the
current flowing through the sample.

Based on the measurements, it can be observed
that the photocurrent and the dark current increase
respectively as a function of the applied bias
voltage due to the increase in the velocity of the
charge carriers (Fig. 14) [67,68]. Moreover, the
curves show a linear variation. The slope of these
linear segments represents the ohmic resistance of
the materials according to Ohm’s law U=RI, which
means that ZnO-based photodetectors have an
ohmic behavior. This linearity is a very important
parameter for photodetectors. The sensitivity can be
maximized when the metal-semiconductor junction
is ohmic [69].

St —=—Fe:ZnO, UV light
—o— Fe:ZnO, dark

Current/mA
w

0 2 4 6 8 10 12
Electrical voltage/V

Fig. 14 Photodetector measurements of Fe:ZnO thin
layers in dark and under UV illumination

Moreover, the behavior of the ultra-linear
photocurrent also indicates that some carriers are
directly injected into the conduction band of
Fe:ZnO of a metal electrode [70]. Importantly, the
photocurrent of the photodetectors is larger than the
dark current, and this effect shows that Fe:ZnO-type
samples have significant photosensitivity to UV
light. As can be seen in Fig. 14, the photocurrent
values Ipn measured for 6 wt.% Fe:ZnO at 12 V bias
are 5.73 mA and 2.95 mA for gar.

In Fig. 15, under darkness, oxygen molecules
(O2(g)) are adsorbed on the surface of the films and
trap free electrons, thus forming a depletion zone on
the surface of Fe:ZnO (Fig. 15(b)) [71]:

O2(g)te—> 0, (8)

The formation of a large number of ionized
oxygen on the surface of thin films leads to the
formation of a charge depletion zone near
the surface, resulting in the separation of charge
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carriers and minimizing their recombination. The
illumination of the sample with photons whose
energy is greater than the energy band gap of
3.03eV (i.e., in the UV range) induces the
generation of electron—hole pairs (Eq. (9)). The
potential gradient created by the depletion zone at
the surface activates the diffusion of holes towards
the surface which cause the desorption of adsorbed
oxygen molecules O, (ads) (Fig. 15(c)).

Fe:ZnO+hv —e+h* 9
h"+0, =~ 0x(g) (10)

The remaining unpaired electrons can then be
collected by applying a voltage to the terminals of
the nanofilms, whose conductivity is thus increased.
The current dynamics measured in the layers under
illumination for different application voltages are
shown in Fig. 15. Photo-conductivity mechanism
involving the adsorption and desorption of oxygen
molecules remains effective even on very short time
scales (1 ns) [72].

With this type of photo-detectors [73], high
photo-conductive gains with high sensitivity are
obtained. However, this high photoconductivity
requires significant operating voltages, up to 12V,
and, therefore, a significant external energy input.
Furthermore, the high intensity of the involved
electric fields is responsible for local disturbances
in the depletion zone, leading to increased rise and
fall times [74].

In a previous study, KURNIAWAN and
RAHMI [75] manufactured tin oxide nanoparticles
based on electrolysis using a tin plate. The process
was carried out in 100 mL of the electrolyte
solution, and by applying a variable voltage from

10 to 100 V, the formation of SnO, particles was
monitored. After 15 min, the -electrolysis was
stopped, and bubbles were released at the cathode,
indicating the production of hydrogen gas. At the
same time, Sn was oxidized to Sn>" or Sn* ions at
the anode [75].

3.7 Electrolysis of thin layers

Electrolysis is a process in which an electric
current, using a direct current source, is transmitted
through a liquid or solution containing ions and
results in a disintegration of substances. The cations
and anions that make the salts are agitated when
they are dissolved in water and are attracted to the
cathode, which is the pole of the electrochemical
cell at which reduction occurs, or at the anode,
which represents the pole of the electrochemical
cell at which oxidation occurs.

With the goal of finding out the effect of iron
doping on the properties of zinc oxide in the
decomposition of the organic compound methylene
blue, we made electrical contacts with silver at the
level of the two samples (ZnO and 6 wt.% Fe:ZnO)
and then covered this contact with insulating layers.
A voltage of 10 V was applied each time for 1 h.
The experimental setup is shown in Fig. 16.

According to Fig. 16(a), it is possible to
observe the appearance of black color on the
surface of the two samples, followed by a
noticeable decrease in the transmittance of the
two samples. A reduction in the absorbance and
concentration of the methylene blue solution
during the electrolysis process (Fig. 16(b)) is
simultaneously observed. In the case of iron-doped
zinc oxide, the dissociation is more efficient
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compared to pure zinc oxide. This effect can be
explained by the quality and effectiveness of the
surface, which is characterized by the presence
of a greater number of ions (Zn** and Fe®") that
disintegrate the dye and release carbon dioxide
(COy) and H,O (Fig. 17).

A digital multimeter is used to measure the
potential between the two ends of the thin-layered
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Fig. 16 Transmittance spectra of pure ZnO and Fe:ZnO
before and after electrolysis of methylene blue (a) and
absorbance spectra showing degradation of MB by
Fe:ZnO (b)
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Fig. 17 Electrolysis phenomenon of thin layer under
visible light

sample of Fe-doped zinc oxide. Figure 16(b) shows
a response of the sample through the measured
voltage value, which was estimated at a value of
19.8 V.

Figure 17 how the organic dye
methylene blue oxidizes and decomposes into
carbon dioxide (CO;) and water (H>O) based on the
application of an electric current in the sample
Fe:ZnO. The experiment results in the creation
of a reaction of holes (h") with water (H,O) to
produce hydroxide -OH, which contributes to the
decomposition of the colored substance [76] and
the interaction of free electrons (e) with oxygen
(0») to give the white color to the polluted solution
(Egs. (1D)—(15)) [77].

When an electric current is applied between
the two ends of the sample, the positive side of the
generator repels the gaps from it, so it rushes and
flows into the sample, while the negative side of the
generator repels electrons from it and rushes from it
into the opposite side of the same film. Since the
chamber contains oxygen, the free electrons on the
surface of the sample pick up O: to form -O,
(Eq. (13)) [76,77].

Both the electrical intensity and the sufficient
energy absorption of visible light applied to the
sample contribute to the occurrence of disturbances
in the depletion region, which led to a reduction in
them and the passage of electric current. On the
other hand, the electrical intensity enabled the
creation of (e /h") pairs in zinc oxide (Eq. (15)) and
prevented re-combination through iron inoculation
(Eq. (12)), which also worked to increase the
electrons formed in the conduction band (CB) [70].
The holes (h*) present in the valence band (VB) of
zinc oxide also react with water to produce a
number of -OH radicals (Eq.(14)) [71]. The
mentioned interactions are summarized in the
following equations:

shows

Fe:ZnO+visible light—>eth” (11
Fe—Fe?'+2e (12)
Fe:ZnO(e)+0,—-0, (13)
Fe:ZnO(h")+OH +H,O—-OH (14)

‘OH+-O,+hyp+degraded dye—>CO,1+H,O  (15)

BOURAS et al [78] used pure zinc oxide films
doped with 2% and 4% of silver, deposited on a
silicon substrate by spin-coating technique, in the
goal to study their uses as photodetectors of
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ultraviolet radiation. It was found that under the
influence of darkness, the saturation current was
extracted, which is 4 times and 12 times less in
the case of doping with 2% and 4%, respectively
[78,79]. Under the influence of ultraviolet radiation
at A=254nm, a non-linecar relationship was
extracted between the voltage and the response,
which confirms that the fabricated devices respond
with a Schottky behavior [80,81].

The study made it possible to know that the
silver-doped films had a higher detection rate
compared with the pure zinc oxide films due to an
increase in the surface roughness [82—84]. Thin-
doped samples provide better performances and are
effective by increasing the concentration of silver.
They are accompanied by a noticeable increase in
sensitivity, which reached 3.3x10° W for ZnO and
4.44x1071° W for 4% Ag:SZO [78,79].

4 Conclusions

(1) The effect of the doping ratio of Fe of the
layers was studied by measuring the morphological,
optical, and structural properties.

(2) The morphological analysis showed that
the surface roughness values of the ZnO layers
deposited on the glass substrates vary between 8
and 45 nm.

(3) The optical transmittance was in the range
of 87%—91% in the UV—Vis region.

(4) A decrease in the values of E; was obtained
when the content of iron increased.

(5) It is observed that all the layers obtained
are polycrystallines with a structure hexagonal with
Wartzite type.

(6) Photodetectors based on Fe-doped ZnO
exhibits considerable photosensitivity to ultra-violet
radiation.

(7) Effective degradation of methylene blue
organic compound by Fe:ZnO thin film electrolysis
occurs.
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