Processing and Application of Ceramics 10 [3] (2016) 125-135 (G9) Bv-NC-ND |

DOI: 10.2298/PAC1603125C

Electrical, dielectric and photocatalytic properties of Fe-doped ZnO
nanomaterials synthesized by sol gel method

Yacine Cherifi', Ahcéne Chaouchi!*, Yannick Lorgoilloux2’3, Mohammed Rguitim,
Abdelaziz Kadri*, Christian Courtois?

! Laboratoire de Chimie Appliquée et Génie Chimique de I’ Université Mouloud Mammeri de Tizi-Ouzou,
Algérie

2 Laboratoire des Matériaux Céramiques et Procédés Associés — Université de Valenciennes et du
Hainaut-Cambrésis, Boulevard Charles de Gaulle, 59600 Maubeuge, France

3 Université Lille Nord de France, F-59000 Lille, France

4Laboratoire de Physique et chimie des matériaux de I’Université Mouloud Mammeri de Tizi-Ouzou, Algérie

Received 7 April 2016; Received in revised form 8 July 2016; Accepted 17 August 2016

Abstract

Fe-doped ZnO nanoparticles were synthesized by sol gel technique. Fine-scale and single phase hexagonal
wurtzite structure in all samples were confirmed by SEM and XRD, respectively. The band gap energy depends
on the amount of Fe and was found to be in the range of 3.11-2.53 eV. The electric and dielectric properties
were investigated using complex impedance spectroscopy. AC conductivity data were correlated with the bar-
rier hopping (CBH) model to evaluate the binding energy (W,,), the minimum hopping distance (R;,) and the
density of states at Fermi level, N(EF). Fe doping in ZnO also improved the photocatalytic activity. Thus, the
sample Zn, ysFe, ,sO showed high degradation potential towards methylene blue (MB), i.e. it degrades 90% of
BM in 90 min under UV light.

Keywords: Fe-doped ZnO, band gap, conductivity, dielectric properties, photocatalytic properties

I. Introduction low-loss substrates for microwave integrated circuits
[14,15]. Recently, ZnO-based photocatalysts have been
successfully used to convert organic pollutants in water
into pollutant-free materials through UV light or sim-
ulation sunlight [16]. However, the quantum efficiency
of ZnO is rather low due to the fast recombination of
photoinduced hole-electron pairs [17].

In order to enhance the versatility of ZnO to meet the
different requirements of application, structural modifi-
cations have usually been utilized, among which metal
ion doping is well-known and the most effective ap-
proach [18-20]. For example, cobalt (Co) doping can
increase the band gap [19], whereas zirconium (Zr) dop-
ing can decrease the band gap [21]. ZnO is well-known
as n-type semiconductor where its electrical conduc-
tivity is due to the excess of zinc interstitial position
[21]. Also, ZnO doped with Cr, Mn and Fe has showed
novel attention due to the strong correlation between the
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For the last decades, there is an increased interest for
zinc oxide (ZnO) because of their wide variety of appli-
cations. Zinc oxide is n-type semiconductor [1,2] with
a direct large band gap of 3.37eV [3,4] which is con-
sidered as promising candidate for optical and optoelec-
tronic applications in nanoscale devices [5,6]. It is used
as a transparent electrode in solar cells [7], chemical and
gas sensors [8], spintronic devices [9], and light emit-
ting diodes [10]. ZnO seems also to be a microwave ab-
sorbing material and is used as a material in microwave
components such as resonators, band pass filters and du-
plexers [11-13]. Materials with high dielectric constants
and low dielectric loss have received special attention
due to the rapid developments in microwave telecom-
munications, satellite broadcasting, discrete and multi-
layer capacitors, dynamic random access memories and
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electron-hole pair separation by decrease the band gap
to make advantages of shifting the absorption to the vis-
ible light spectrum, but also decrease the average grain
size [24,25]. As reported in the literature, the presence
of more than one valence states on transition metal ion
suggests that polaronic conduction is attributed to a hop-
ping mechanism of electrons from low valence state to
the high valance one [26-28]. In addition, a unique fea-
ture of nanostructures is the large surface to volume ra-
tio available in these systems. They consist of grains,
grain boundaries and grain interfaces which play impor-
tant role in the determination of the electrical proper-
ties [29,30]. It is also well-known that the interior de-
fects such as A-site vacancies, space charge electrons or
oxygen vacancies have great influence on electrics, di-
electrics and optical properties, and they are very impor-
tant to gain a fundamental understanding of these prop-
erties.

In this study, we have used Fe doping to improve the
optical and electrical properties of ZnO material. In fact,
Fe ion can be easily substituted on the Zn-site, resulting
in two more free electrons to contribute to the electri-
cal conduction. Here we report synthesis of ZnO nanos-
tructures, prepared by a polymeric complex method us-
ing inexpensive metal nitrate precursors and starch used
as the complex agent. Impedance spectroscopy (IS) is
considered to be a powerful tool for analysing the elec-
trical properties of material. By changing the applied
frequency of the system, different contributions of the
electrodes, grain boundaries and individual grains can
be distinguished [31,32]. Thus, the effect of Fe addition
on the electrical, dielectric, optical and photocatalytic
properties of ZnO nanomaterial were also investigated.

I1. Experimental

All precursor materials were of analytical grade
and used without any purification. Zinc nitrate hex-
ahydrate Zn(NO;),X6H,0 and starch from (corn)
were purchased from Sigma-Aldrich, iron (III) nitrate
(Fe(NO;);x9H,0) was purchased from Merck (Ger-
many).

To prepare 5g of Fe-doped ZnO nanopowders
(Zn,_Fe O, withx =0, 0.02 and 0.05), we dissolved sto-
ichiometric amounts of zinc nitrate (Zn(NO;),x6H,0)
and iron nitrate (Fe(NO;),%x9H,0) in 50 ml of distilled
water under agitation for 30 min, and also 10 g of starch
in 150 ml of distilled water under stirring for 30 min at
75 °C. Then, the zinc and iron nitrate solutions were
added to the starch solution under stirring in a bath of
silicone oil at 80 °C. The agitation was continued for 22
hours to obtain a clear brown resin. The obtained resin
was then dried in an oven for 3 hours and heat treated at
different temperatures (450 °C, 600 °C and 800 °C) for 5
hours to obtain the Fe-doped ZnO nanopowders (Fig. 1).

To prepare ceramic pellets, the obtained powders
were pressed into cylindrical disks (7 and 13 mm in di-
ameter, ] mm and 1.5 mm thickness) by uniaxial press-
ing under 60 MPa. The green samples were finally sin-
tered in air at 600 °C for 2 hours, with heating and cool-
ing rates of 150 °C/h.

Structure of the prepared samples was confirmed by
FTIR spectra analysis in the range of 400-4000 cm™! us-
ing FTIR8400 spectrophotometer-Schimadzu. The crys-
tallised phase composition has been identified by X-ray
diffraction (Philips X’ Pert) technique using the CuKea
X-ray radiation. The microstructures were observed
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Figure 1. Schematic flow chart of the synthesis of Fe-doped ZnO nanopowders
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Figure 2. FTIR spectra of starch (a), ZnO dried gel (b) and
samples calcined at 450 °C (c), 600 °C (d) and 800 °C (e)

using a scanning electron microscopy (SEM Philips
XL’30). The specimens were polished and electroded
with a silver paste. The optical properties of the samples
dispersed in water with concentration of 0.1 wt.%, were
studied using UV-visible spectrophotometer-Schimadzu
UV2450. The dielectric and electric properties were de-
termined by using HP4284 A meter versus temperature
(from 20 °C to 100 °C), and the frequency range from
100 Hz to 1 MHz. The photocatalytic activity of Fe-ZnO
nanopowders was tested by decolourization of methy-
lene blue (MB) in aqueous solution at ambient temper-
ature under UV light illumination in a cylindrical Pyrex
glass crystallizer. The UV-light source was a high-
pressure UV mercury lamp with wavelength of 365 nm
and power of 125 W. 30mg of Fe-ZnO photocatalysts
was added to 30 ml MB aqueous solution (20 mg/1), then
maintained in darkness for 30 min with magnetic stir-
ring to reach the adsorption-desorption equilibrium. An-
alytical samples were taken from the suspension in pe-
riod of 90 min every 15 min, under UV light. The pho-
todegradation efficiency was detected by measuring the
absorption at 660 nm using a UV-vis spectrometer.

II1I. Results and discussion

3.1. Microstructural characterization

Figure 2 shows the FTIR spectra of the starch, dried
gel and ZnO samples calcined at 450 °C, 600 °C, and
800 °C. The main absorption bands of the starch can
be observed (Fig. 2a) at 1150cm™, 1019cm™ and
1082 cm™! correspond to the C—O-H, C—O-C groups,
at 3455 cm™! due to the O—H stretching mode [29] and at
around 2930 cm’! corresponding to the elongation of the
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Figure 3. X-ray diffraction patterns of: a) ZnO,
b) Zny gsFe, 1,0 and ¢) Zn ysFe, osO

CH, groups. The results of FTIR prove that the atomic
bonds of the starch are changed during the sol gel pro-
cess.

The FTIR transmittance spectra of the samples cal-
cined at different temperatures are shown in Fig. 2.
A new absorption peak identified at 1650 cm™ corre-
sponds to the C=0 normal stretching vibration mode.
The observed large peaks that appeared at 420 cm™!' can
be attributed to ZnO hexagonal vibration modes [33,34].

Figure 3 shows the X-ray diffraction (XRD) patterns
of the heat treated samples. All detectable peaks can
be indexed to hexagonal wurtzite structure with space
group (P63mc) for the pure and doped ZnO samples
(confirmed with PDF Card: 00-036-1451 for wurtzite
structure). Diffraction spectra show that all samples are
in single phase and there are no anomalous peaks related
to Fe metal clusters or Fe oxides secondary phases. The
observed X-ray diffraction peaks of the doped ZnO are
larger than the undoped ZnO and the peak positions shift
to higher angle. These could be attributed to the minute
amount of Fe** dopant and the good dispersion of Fe**
into the ZnO lattice [35,36].

The calculated values of crystallite sizes of different
samples are presented in Table 1. It can be observed
that the crystallite size of ZnO decreases from 20.12 nm
to 17.8nm when Fe content increases from Oat.% to
5 at.%, indicating that the Fe-doping inhibited the crys-
tallization of ZnO samples. Moreover, the lattice param-
eters and cell volume decrease with the increase in Fe
content. This indicates that Fe** ions are incorporated
into the lattice substituting Zn**. This phenomenon can
be assigned to the difference of the ionic radii of Fe**
(r; = 0.067 nm) and Zn** (r; = 0.083 nm) [37,38]. XRD
patterns also exhibit that as the Fe content increases,

Table 1. Cristallite size and lattice parameters of Fe-doped ZnO nanopowders

Fe concentration  Crystallite size

Lattice parameter

Unit cell volume

[at.%)] [nm] alAl  c[A] [A3]
0 20.12 3.2490 5.2070 4770
2 18.8 3.2481 5.2064 47.66
5 17.8 3.2478  5.2060 47.62
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Figure 5. Absorbance spectra of pure and Fe-doped ZnO
nanopowders

the intensity of XRD peaks decreases and FWHM in-
creases. This means that Fe-doping in ZnO produces
crystal defects around the dopants segregating on grain
boundaries. This enhances energy barrier which in turn
reduces the movement and the diffusion of Zn>* ions
and therefore restrain the growth of ZnO grains, con-
firming that the Fe ions are incorporated into the ZnO
crystal lattice without changing the wurtzite structure
[39].

Figure 4 shows the SEM micrographs of the undoped
and Fe-doped ZnO sintered at 600 °CA slight decrease
in particle size of the Fe-doped ZnO compared to the
pure ZnO can be seen. The mean crystallite size (d) was
calculated from the 101 diffraction peak by the Scherrer
formula [40]:

J= k-4
pBcosb

where k = 0.9, 1 = 1.5405 A, 6 is the Bragg’s angle and
B is the full width at half maximum (FWHM) of the
preferred orientation plane. The mean crystallite size
along the (101) plane decreased as the Fe ion content
increased (Table 1). This also confirms the influence of
doping on the crystallization process [41].

D

3.2. Optical properties

The UV-vis spectra of the undoped and Fe-doped
ZnO are shown in Fig. 5. The first one has a peak ab-
sorption at 368 nm which can be attributed to the tran-
sition of electrons from the valence band to the conduc-
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Figure 4. SEM micrographs of fracture surfaces: a) ZnO, b) Zn, o Fe, ,,0 and ¢) Zn, y;Fe; ,sO
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tion band of ZnO (Ozp — Zn,,) [42,43]. Addition of
Fe ions shifted this peak to 376 nm. This red shift ob-
served at the edge of the absorption spectrum is a clear
indication of the Fe incorporation into the ZnO matrix.
The red shift may occur due to the strain caused by Fe-
doping and the change in the band structure of ZnO [44].

The optical band gap is determined by the Tauc rela-
tion between the optical absorption coefficient @ and the
incident photon energy / - v [45,46]:

@-h-v=Ah-v-E,)" 2)

where A is a constant, E, optical band gap of the mate-
rial and the exponent n depends upon the type of tran-
sition. The n values for direct allowed, indirect allowed
and direct forbidden are 1/2, 2 and 3/2, respectively. In
the present case, n = 1/2 where « is absorption coeffi-
cient given by:
(1-R)’
= 3R 3)
where R” = R/100.

The energy band gap of the Fe-ZnO nanoparticles are
estimated by plotting (a - & - v)? versus & - v as shown
in Fig. 6. The extrapolation of the straight line to the
energy (h - v) axis gives the band gap of the material.
The observed energy gap of the Fe-ZnO nanoparticles is
decreased from 3.11 to 2.53 eV when Fe concentration
is increased from O at.% to 5 at.%. In this region, more
charge carriers are created by Fe-doping which induces
the absorption and reduce the band gap. The variation of
the band gap edge for Fe-doped ZnO was also reported
by earlier works [47].

3.3. Dielectric properties

Dielectric constant (¢’) and dielectric loss (tan d) of
the undoped and Fe-doped ZnO samples versus fre-
quency are shown in Figs. 7 and 8, respectively. The
dielectric properties of a solid material in bulk form
are very sensitive to the distribution of local electric
field in sample. Therefore, the dependence of the dielec-
tric constant and the dielectric loss on temperature and
frequency can provide access to useful information on
structural changes, transport mechanism and defect be-
haviour of a solid. Thus, & is the real permittivity and
describes the stored energy whereas tan ¢ is the imagi-
nary permittivity and describes the energy dissipation.
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Figure 8. Frequency dependence dielectric loss

Two behaviours can be distinguished for the pure and
doped samples (Figs. 7 and 8). Below 10kHz, the val-
ues of dielectric constant and dielectric loss are con-
sidered to be high. However, the observed dispersion
disappears at high frequencies. It is well known that
high values of dielectric constant and dielectric loss
for frequencies below 10kHz are caused by the exis-
tence of the space charge in the nanostructure, such as
dangling bonds, vacancies and the microspores due to
the grain boundaries of their large surface grain. Be-
yond this frequency, the orientation polarization is the
dominant mechanism [48,49]. Furthermore, at low fre-
quencies, the hopping electrons are trapped by these
structural inhomogeneities that lead to a dominant space
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However, the value of dielectric constant increases with
increasing Fe in ZnO system (Fig. 7). This suggests that
Fe ions penetrate at Zn sites as a result of generated elec-
trons by charge transfer (Fe’* + e~ «— Fe?*). On the
other hand, the presence of dopant (Fe) increases the
number of oxygen vacancies and Zn interstitials in the
crystal, which leads to an increase in the dipole moment
and, in turn, the orientation polarization. In addition,
an increase of dielectric loss is observed with the Fe-
doping (Fig. 8), and gradually decreases in the higher
frequency domain.

At higher frequencies, the space charges cannot fol-
low the change of the field and hence do not produce
space charge polarization. The dipoles are also unable
to follow rapidly with varying electric field. Damping
of these dipoles accounts for the reduction of dielectric
constant at higher frequencies.

3.4. Complex impedance analysis

The complex impedance spectroscopy (CIS) tech-
nique is used to analyse the electrical response of
polycrystalline samples in a wide range of frequencies
and temperatures. The frequency dependent properties
of a material can be described as complex permittiv-
ity (&%), complex impedance (Z*), complex admittance
(Y*), complex electric modulus (M*) and dielectric loss
or dissipation factor (tan ¢). The real (&', Z’, Y’, M’) and
imaginary (¢”, Z”, Y”, M") parts of the complex pa-
rameters are in turn related to one another as follows:

“4)

e=+j-&
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Figure 9. Complex impedance plots (Z” vs. Z’) of undoped and Fe-doped ZnO at different temperatures
that can be described by means of an equivalent electri-
=7 +j-7"= _ (5)  cal circuit consisting of a combination of resistive and
J-Co-&w capacitive elements. The high frequency semicircle is
. o . attributed to the bulk property of the material (parallel
V=Y +jY =jw-Cy-e (6)  combination of bulk resistance and bulk capacitance),
and at the low frequency semicircle is due to the grain
MMt M = 1. 7 7 boundary effects in the material (parallel combination
=M+ T e N of grain boundary resistance and capacitance).
g MY 7 3.5. Conductivity studies
tand = — = =—=— 8 ..
g M’ Y zv ®) AC conductivity of all samples was calculated from
where w = 27+ f is the angular frequency, Cy is the free the dielectric loss according to the relation:
geometrical capacitance, and j> = —1.

Figure 9 shows the temperature dependence of com-
plex impedance spectra (Nyquist plot) of the Fe-doped
ZnO over a wide range of frequency from 1kHz to
1 MHz. These spectra are characterized by the appear-
ance of semicircular arcs, which are temperature depen-
dent. The change in temperature ensures a distinct effect
on the impedance characteristics spectra of the material
by the appearance of the low temperature single semi-
circular arc due to the bulk properties of the material
and at high temperature (100 °C) the second semicircle
begins to form in different studied compositions, due to
the bulk and grain boundary conduction. The impedance
spectrum in the form of a semicircle is a representa-
tion of an electric process which occurs in the material
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)

where gy = 8.85 x 1072 F/m is the permittivity of the
free space and w = 2 - f is the angular frequency.
Figure 10 shows the dependence of o-4¢ conductiv-
ity versus frequency for the Fe-doped ZnO samples. A
slight increase in conductivity was observed for the Fe-
doped ZnO material. This increase can be explained by
the increased number of charge carriers derived from
either the replacement of Zn by Fe ions or the incorpo-
ration of Fe ions in interstitial sites of the ZnO lattice.
Thus, the incorporation of Fe ions into the lattice of ZnO
crystals leads to the formation of charge carriers through
this mechanism involving the replacement of a divalent
(Zn**) cation by a trivalent one (Fe>") paired with a free

gaclw)=¢€y-w-&" =g -w-g -tand
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Figure 10. Variation of o 4¢ conductivity with frequency

electron (€7), responsible for the increased conductivity.
These results are in good agreement with obtained com-
plex impedance spectra (Fig. 9).

It is also remarkable that the frequency dependence of
AC conductivity is similar for variety of quite different
disordered materials: ionic materials and ionic conduct-
ing polymers [51,52]. Conductivity o4¢c was found to
be frequency independent in the low frequency region
and bend off at some critical frequency w),. Results for
w > w, obey the Jonscher’s power law equation [53]
given by:

O'Ac(a)) =Opc + A" (]0)

where n is the frequency exponent in the range of (0
< n < 1). A and n are thermally activated quantities,
hence electrical conduction is thermally activated pro-
cess. opc is limit value of oyc(w) determined when
w — 0 and corresponds to DC conductivity value.

At low frequencies, where the applied electric field
forces the charge carriers to drift over large distances, a
tendency to retain almost constant values is recorded.
When frequency is raised, the mean displacement of
the charge carriers is reduced. After reaching the criti-
cal frequency w,, the real part of conductivity follows
the law o4c ~ " with 0 < n < 1 characterizing
hopping conduction. The term hopping refers to a sud-
den displacement of a charge carrier from one to an-
other neighbouring position and in general includes both
jumps over a potential barrier and quantum mechanical
tunnelling [54,55].

The values of exponent n, o4¢, and A were obtained
by fitting Eq. 10 (0" ac vs. ) from 10° Hz to 10° Hz. The
fit quality is usually evaluated by comparing the squared
coefficient of linear correlation coefficient (R*) obtained
for each temperature (Table 2). The conduction mech-
anism in AC domain can be explained with the help of
Correlated Barrier Hopping (CBH) model [56,57]. This

model based on hopping of charge carriers over barrier
predicts a value between 0 and 1 of the index n, hence
this is consistent with the experimental results.

Using correlated barrier hopping (CBH) model [57],
the binding energy was calculated according to the fol-
lowing equation:

6-kg-T

W (11)

:8 =
where 8 = 1 — n and W, is the binding energy, which
is defined as energy required to remove charge carriers
completely from one site to another site. W,, decreases
with increasing Fe content in ZnO (Table 2). This result
is in good agreement to the obtained band gap energy.

Using the values of the binding energy, minimum
hopping distance R,,;, was calculated with equation 12
[58]:

62

2.

Rmin:
m-e-& Wy,

(12)
where g is the permittivity of free space and ¢ is the
dielectric constant. From the obtained results, it is seen
that R,,;, increases with the increase in Fe3* content in
Zn0O.

According to the Austin-Mott formula [59] based on
the CBH model, AC conductivity o4c(w) can be ex-
plained in terms of hopping of electrons between a pair
of localized states N(EF) at the Fermi level. The con-
ductivity o 4¢ is related to the number of sites per unit
energy per unit volume N(Efr) at the Fermi level, as
given by the following equation:

2
Tac(w) = gezkaT(N(EF))za‘S (1n %) (13)

where e is the electronic charge, f, the photon fre-
quency, and « is the localized wave function. The den-
sity of localized states N(E) was calculated according
to Eq. 13 assuming fy = 103 Hz, @ = 10"°m™. Fig-
ure 11 illustrates the variation of N(Er) with frequency
for the Fe-doped ZnO samples. It is observed that the
obtained value of N(EF) increases with increasing Fe
amount. This confirms increase of the electrical con-
ductivity with increasing Fe content added to ZnO, and
there is a growing concentration of defect energy states
with increasing Fe content in ZnO [60].

3.6. Photocatalytic activity

In order to evaluate the photocatalytic performances
of the as-prepared Fe-ZnO samples, the degradation of
methylene blue (MB) in aqueous solution under UV

Table 2. The fitting parameters obtained from experimental data of conductivity as function frequency (o 4¢ vs w) using the
Jonscher’s power low and calculate values of W,, and R,,;,

Temperature [°C] opc [ (Q/cm) ] A n R? W [eV] Ry [nm]
ZnO 4.74%10°° 7.31x10°8 0.5487  0.9994 0.3415 2.47
Zn osFe( 1,0 5.38x10° 1.152x107  0.5323  0.99965  0.3295 2.45
Zn ysFe 15O 1.11x10° 0.4117x107  0.4117 0.99993  0.2620 2.52
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Figure 12. Photodegradation of MB by Fe-doped ZnO
nanoparticles as a function of UV light irradiation time

light was investigated. Figure 12 shows the activities of
the samples under UV light. All Fe-doped ZnO prod-
ucts display higher activities than that of the undoped
ZnO, suggesting that Fe plays a positive role in the sep-
aration of photogenerated electron-hole pairs. Thus, the
sample Zn ysFe; ,sO showed high degradation poten-
tial towards MB, i.e. it degrades 90% of BM in 90 min
under UV light.

Figure 13 shows absorption spectra of MB solution
treated at different times under UV irradiation treat-

0.20

Absorbance [a.u.]

ment. The results reveal that the intensity of all MB
peaks decrease with the treatment time increase without
any new peaks appearing. It indicates that both catalysts
can directly mineralize MB without any by-products.
The insets in Fig. 13 display photographs of the MB
solution decolouration under UV.

The obtained result is attributed to the fact that Fe
ions can act as a photo-generated hole and trap, in-
hibiting the recombination of hole-electron [61]. As de-
scribed by the schema in Fig. 14, and equations (inset
in Fig. 14), the Fe** ions react as electron holes and
traps which then form Fe?* and Fe** (Egs. 15 and 17).
The Fe?* and Fe** ions are relatively unstable compared
with Fe3* ions. To regain stability, these ions will react
with oxygen and hydroxyl ions adsorbed onto the cat-
alytic surface to produce hydroxyl (OH®) and superox-
ide O, radicals (Eqs. 16 and 18).

IV. Conclusions

Pure and Fe-doped ZnO nanopowders were success-
fully synthesized via low cost sol gel method. Fine-
scale and single phase wurtzite structure in all samples
were confirmed by SEM and XRD, respectively. The
observed energy gap of the Fe-doped ZnO decreased
from 3.19 to 2.90 eV when Fe concentration is increased
from O at.% to 5 at.%. In this region, more charge carri-
ers are created by Fe-doping which induces the absorp-
tion and reduce the band gap. AC conductivity of the
prepared samples increases with increase in frequency
and complex impedance analysis showed single circular
arc type behaviour, suggesting the dominance of grain
resistance in all samples. The obtained results have been
also discussed in terms of the correlated barrier hopping
(CBH) model. The density of localized states N(Ef) at
the Fermi level and the binding energy W,, were calcu-
lated. W,,, decreases with increasing Fe content in ZnO,
which is in good agreement with the obtained band gap
energy. It was observed that the obtained value of N(Er)
increases with increasing Fe quantities. The Fe-doped
ZnO products display higher activities than the pure
Zn0, suggesting that Fe plays a positive role in the sep-
aration of photo-generated electron-hole pairs.
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Figure 13. Absorption spectra of MB solution treated at different times under UV light
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