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Abstract

Hematite (a-Fe203) doped with copper (Cu) at two various concentrations (2% and 4%) were synthesized through Chemical
spray pyrolysis (CSP) method. XRD results approve that all the prepared nano-crystals comprise hematite phase. The crystal
size increases from 12.39 nm to 14.56 nm with the increase in Cu content. AFM images assure the nanostructured of the intended
films with an average particle size ranging 50.13 to 57.93 nm. from UV-Vis measurements it can be verified that the increase
in crystallite size is associated with a decrease in bangap. Sample with 4% Cu-doped a -Fe2:O3 exhibit lower energy gap of
(2.46) eV as compared to the un-doped o -Fe203 which was (2.38) eV.
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Introduction

FeO, Fe304, a-Fe;03, and y-Fe O3 are the most common iron oxide [1, 2]. Based on preparation methods and circumstances, different
stoichiometry and crystalline can be obtained. However, (a-Fe;Os3) is ultimately stable phase [3,4] that characterized by a bandgap of
2.2 eV. (a-Fe;03) has gained a lot of interest because of its valuable physical and chemical characteristics [5- 8]. To enhance the
properties of a-Fe203, some researchers groups used doping with various elements, One approach of that is donor doping, such Ti**,
Sn**, Si**[13], etc. while the second is acceptor doping, such Mg?* [14], Zn?* [15], Cu?* [16, 17], Ag* [18], etc. The applications of
Iron oxide are not limited to photoelectron-chemical water splitting [19-22] but also extended to lithium-ion batteries [23,47-67], sensors
[24], [25], magnetism and medical applications[26], etc. Different techniques used to deposition Iron Oxide such as spin coating [27],
DC magnetron sputtering [28], electrochemical depositions [29], hydrothermal [30] and spray pyrolysis [31], etc. In this paper, we study
the modification of some physical properties of Fe,Os; nano-crystalline Cu2+. Since, the radius of Cu2+ is larger than that of Fe3+,
doping with Cu may differ from that of other ions.
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Experimental

Undoped Fe;O3z and Fe;03:Cu thin films were deposited on glass bases by (CPS) method. A lab made glass atomizer was exploited for
spraying the chemical solution at a temperature of 450°C. 0.1 M of both FeClsand CuCl,. Spraying rate was 0.2 mL /spray, base to spout
was 30 cm, spraying time was 8 s, stopping after each spray was 2 min, and N fixed at a pressure of 10° Pa as conveyor gas. Film
thickness is measured by gravimetric method. The grown films have a thickness of 350 + 25 nm. Structural parameters were evaluated
by XRD after that AFM were operated to define their structure and morphology, transmittance spectra are obtained utilizing UV-visible
double spectrophotometer.

Results and discussion

The key peaks are from the diffraction intensity of a-Fe2O3 and doping Fe,Os: Cu layer are shown in Figure 1. Both undoped and Cu
doped samples reveal o phase of Fe,O3 (JCPDS card No. 40-1139) after doping. The peaks acting at a 26 range of 24.60°, 30.18°, 50.35°
and 62.76° can be attributed to the 017, 110, 127 and 220 crystalline structures corresponding to a-Fe,Os thin films. There are no
characteristic peaks of CuO or CuO; in the Cu doped film. However, the position of characteristic peaks shifts slowly after Cu doping,
this indicates Cu will not disturb the lattice strongly and structure of a-Fe,Os remains unchanged. Furthermore, increasing Cu
concentration causes the strength of (110) peak to steadily grow while the half height breadth of the peak decreases. The rise can be
attributed to the fact that Cu serves as nucleation sites for crystalline grain development.. This corresponds to a decrease in the half
width of the diffraction peaks, suggesting an increase in grain size as compared to the pure sample. When Cu?* ions are merged into a-
Fe,0s3, the lattice parameters might be slightly changed, causing a-Fe;O3 peaks shift [32].

The crystallite size “D” is estimated from Scherer’s equation [33].

BcosO
Here k represents the shape factor which is equal to 0.9, X is the wavelength of x-ray, p is FWHM, and 0 is the Bragg angle. To
determine D of the intended films, the (110) plane was chosen, it is found to be ranged between 12.39 nm and 14.56 nm. Table 1 shows
that D of the intended films. There is a clear enhancing in the crystal structure in the doped samples as the copper content is increased.
The oxygen vacancies in Fe;O3:Cu spreads slightly with increases concentration doping with Cu and this lead to change in crystal
structural [34]. Dislocation density (8)) of Fe,Os nanostructure is considered empploying the following equation (2): [35, 36]:
1

b=— | ——==- 2
DZ
Micro strain (g) of the Fe,O3 nanostructure was calculated using the following equation (3) [35, 36]:
Bcosb

E =

Fig.2 shows the crystallite size, FWHM, strain and § with dopant. D increase and ¢ and the § decrease caused by the doping of Cu
create more oxygen vacancies in order to neutralize the charge in Fe;Os lattice [34]. The increase in grain size resulting in the reduction
of strain and dislocation density leads to tensile strain, when Cu?* ions incorporated into interstitial sites in the o-Fe,Oj3 lattice [37]. The
structural parameters are calculated for the preferred (110) peak and given in Table 1.
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Fig. 2. XRD patterns of grown films.
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Fig. 2. X-ray parameter grown films.

Table 1. structure parameters of grown films.
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Specimen (hkl) 20 FWHM Optical Grain size Dislocations density Strain
Plane © (®  bandgap (eV) (nm) (x 10" (lines/m?)  (x 104

Undoped Fe;0O3 110 30.18 0.67 2.46 12.39 65.14 27.86
Fe;03: 2% Cu 110 30.12 0.62 2.42 13.40 55.69 25.88
Fe20s: 4% Cu 110 30.08 0.57 2.38 14.56 47.17 23.79

Atomic force microscopy analysis

Fig. 3 shows three dimensional (3D) AFM images and particles size distribution of the a-Fe,Os and doping in Cu nanostructure thin
films scanned over a surface area of 78nm x 78nm. The AFM image of a-Fe,O3 shows the influence of the doping on the crystalline
growth. One can easily have noticed the increase in size distribution of grains after doping with Cu. The statistical roughness R, analysis
of a-Fe,O3 shows that the obtained roughness average is 6.36nm, and decreases with increase doping with Cu. The average particles
size P,y and root mean square roughness Rims are same behavior of roughness in undoing and doping. The results show that sharpness
of the grains is dominated of surface. The size distribution of nanoparticles is shown in Fig. 3. All The resulting AFM images are
demonstrate that the films are summarized in table 2.
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Fig.3. AFM of pure and Cu-doped Fe;O3 films.
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Table 2. AFM parameter measurement of pure and Cu-doped Fe;Os films.

Samples Pay Ra (nm) Rrms

nm (nm)
Undoped Fe;03 57.93 6.31 491
Fe»03: 2% Cu 53.68 5.68 3.58
Fe»03: 4% Cu 50.13 4.72 3.23

Optical Properties
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Fig. (4), offers the transmittance T of the intended films. The results assure the dependence of T on Cu content. T in the visible area is
found to be more than 90% and decreases with increase of doping due to increasing of the number of atoms and then the number of
collision leading to the increase of absorbance. This finding is consistent with other published research. [38].
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Fig. 4. Transmittance and b. o of pure and Fe2Os:Cu films with different dopant.

The absorption coefficient, «, was calculated from equation 4 [39] based on transmission values (T) and film thickness (d)

Fig 5 displays the variation of a upon the incident wavelength at different Cu doping. The absorption coefficient has high values in
order of 10° cm for all films, also its value increased slightly with the increase of Cu doping concentration.
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Fig. 5. a of grown films.
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The optical band gap of Fe2O3 can be estimated from equation (5) [41,42]:
(ahv) = A(hv — Eg)n ————— 5
where A is a constant and n = 1/2 and 2 for direct transitions. plots are offered in Figure 6. As Fe;O3:Cu is a direct transition
semiconductor. The obtained band gap values of the direct transitions for the pure and Fe203: Cu films are in the range (2.46-2.38)
eV for the films obtained at 450 oC substrate temperature. The obtained band gaps values of the direct transitions for the Fe,O3 films

are in a good agreement with the Ref. [40]. This decrease in Eq with the increase of doping is assigned to the increase in crystallite size
[43].
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Fig.6. a of pure and Fe,O3:Cu films with different dopant.

The extinction coefficient (k) can be calculated using following equations [44]:
ai
k= E ————— 6
Fig. (7) shows k values of pure and Fe203:Cu thin films measured. k values increases slightly with the increase of A and decreases
sharply at A=550 nm, and their values increase also with Cu doping.

The measurement of refractive index (n) is obtaind according to reflectance R values from the relation (7) [45]:

(n—1)°

T (n+1)?

Fig. (8) shows the refractive index, there is a clear increase in (n) values by increasing the Cu doping content. This result could be

due to the replacement of Cu by Fe,Os. Therefore, the ion refraction of Cu is higher than that of Fe which explains the increasing of (n)

values by increasing Cu content. This behavior may be connected to the polarization of thin film as n values depend on material
polarization.. Also (n) values increases with increase doping due to higher packing density [46].
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Conclusion

Nanocrystalline pure and Cu-doped a-Fe2Os was successfully prepared by CSP. The XRD studies show that the both pure and Cu doped
films demonstrate o phase of Fe,O3 thin films and the intensity of (110) direction is increased with the increase doping concentration.
The average crystallite sizes derived from XRD data were between 12.39 nm and 14.56 nm. The AFM result of a-Fe;O3 shows uniform
distribution for particles and the average roughness is 6.31 nm, and decreases with increase doping with Cu, the average particles size
and root mean square roughness are same behavior. The transmission in visible area was more than 90%. The band gap decreased with
the increase of doping.
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