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Abstract

Copper-doped hematite thin films were prepared by spray pyrolysis technique using a mixture of ethanol and distilled water precursors. Visual
observations showed that aqua precursor produced films of less integrity compared with ethanol that produced thin, uniform and transparent
yellowish-brown films that adhered well to the substrate. Composition and thickness measurements determined by RBS revealed that ethanol
precursor produced thinner films of 94.45 and 51.77 nm while aqua precursor produced films of 1,370 and 1,120 nm for undoped and Cu-doped
Fe, 05 respectively. This is an indication that ethanol solutions produced nano-thick films of high integrity. The composition revealed that only
the Cu-doped Fe,0; deposited by ethanol solution gave composition close to stoichiometric Fe,O; while the others gave non-stoichiometric
Fe (OH);. Optical characterization carried out using UV-visible spectrophotometer in transmittance mode indicated that the film thickness was
directly proportional to the number of passes which is inversely proportional to the transmittance. Three bandgap determination methods namely;
Tauc, Absorption Fitting Spectrum (AFS) and Davis-Mott were employed with the result that Tauc and AFS gave close direct and indirect bandgap
energies (E,) of 3.44 and 1.98 for AFS and 3.43 and 2.32 eV for Tauc respectively. The Urbach tail energy determined was 1,100 meV which is an
indication of a broad onset of absorption. The steepness parameter (o) was found to be 7.83 while the electron-phonon (E,,) coupling energy was
found to be 0.85 eV. It was also observed that the refractive index (n) was about 15 times greater than the extinction coefficient (k). In the study
of the dispersion parameters using single oscillator and Sellmier models, the values of the single oscillator energy (Eos.), dispersion energy (Eq),
zero frequency dielectric constant (¢,), zero frequency refractive index (n,), the average oscillator strength (S,), the average oscillator parameter
(4,) and the dispersion parameters were determined. All the values of the parameters estimated are of the same order of magnitude with other
semiconducting materials. The study showed that Cu-doped Fe,O; could be employed as dielectric material as well as in optoelectronic devices.

DOI:10.46481/jnsps.2023.1180

Keywords: Thin film, bandgap, Urbach energy, refractive index, dispersion parameters, oscillator parameters

Article History :

Received: 07 November 2022

Received in revised form: 13 March 2023
Accepted for publication: 15 March 2023
Published: 14 June 2023

© 2023 The Author(s). Published by the Nigerian Society of Physical Sciences under the terms of the Creative Commons Attribution 4.0 International license
(https:/lcreativecommons.org/licenses/by/4.0). Further distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

Communicated by: E. A. Emile

1. Introduction
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Email address:  eajenifujaCgmail.com (E.Ajenifuja) and physical properties that are often highly sensitive to
changes in their chemical environment. Because of these
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properties, metal oxides have been widely studied and specific
applications are based on appropriately structured and doped
oxides [1]. The enhancement in the gas sensing performance
of metal oxides by electron, ultraviolet, and plasma irradiations
was due to the modified surface structure [2]. Nanocrystalline
transition metal oxide particles and films have found consider-
able interest in recent years because of their special properties,
such as a large surface-to-volume ratio, increased activity,
special electronic and unique optical properties, as compared
to those of the bulk materials. The oxides of transition metals
are an important class of semiconductors, which have applica-
tions in magnetic storage media, solar energy transformation,
electronics, and catalysis [3]. Magnetic nanoparticles of iron
oxide due to their biocompatibility, catalytic activity, and low
toxicity have dragged significant attention for their applications
in various fields of medical care such as drug delivery systems,
cancer therapy, and magnetic resonance imaging. Apart from
the biomedical applications, these iron oxide nanoparticles
are of technological importance due to their application in
many fields including high density magnetic storage devices,
ferro-fluids, magnetic refrigeration systems, catalysis, and
chemical/ biological sensors [4].

Fe and O form a number of phases, e.g., FeO
(wustite), Fe;O4 (magnetite), @-Fe,O3 (hematite), and y-Fe, O3
(maghemite). The latter phase is synthetic while the remain-
ing oxides occur in nature. The Fe-O phase diagram shows the
predominance of the Fe,O3 stoichiometry for most temperature
and pressure preparation conditions [5, 6]. Of all the transition
metal oxides, a-Fe,O3 has been extensively studied due to its
low cost, high chemical stability, nontoxicity, abundance in na-
ture, and biocompatibility [7]. Hematite crystals are believed
to nucleate and grow from iron (III) organic complex which
through hydrolytic breakdown yield nano-sized ferrihydrite ag-
gregates that eventually transform to aFe, O3 through dehydra-
tion and rearrangement according to the following equation [8]:

N yields yields
Fe — F€503 '4H20—-——>CL’F€203 (1)

Certain studies believed that without slight deviation from
stoichiometry, iron oxide (a-Fe;0O3) is a thermodynamically
stable oxide of the hexagonal packed crystal structure is con-
sidered an insulator with localised Fe** ions while with a slight
deviation from stoichiometry hematite is an n-type indirect
semiconductor with bandgap energy commonly considered to
be 2.2 eV [9]. Some studies have also shown that hematite can
exhibit both indirect and direct transitions with indirect and
direct bandgap energies around 1.9 and 2.7 eV [4, 7, 10-15].
This range of band gap energy has conferred on hematite the
ability to be employed in many electrochemical applications
since about 29 % of visible light has energies greater than
the hematite band gap (2.2 eV) [16] as a result of which
a-Fe,03is capable of absorbing a large portion of the visible
solar spectrum (absorbance edge “600 nm). With all of these
advantages, the usage of a-Fe,O3 has been restricted by many
anomalies such as higher electron-hole recombination rate
leading to poor electrical conductivity with a hole length of 2

— 4 nm, poor mobility, insufficient ionic diffusion rate leading
to low specific capacitance and VB positioning (VB is positive
with respect to H+/H2 potential) [9, 17-19].

Several methods have been used to improve on the limi-
tations of a@-Fe,O3 for improved solar conversion. Enormous
efforts were devoted to the modification of the electronic
structure of hematite via doping [20], thin film deposition,
core-shell structure, and coating. To this end, Sn [21, 22], Ti
[20, 29], Si [23, 30], Zn [24], MgO and CaO [26], Ir [27], Zr
[31], Cu [32], Ti+Al [25], Ti+Sn [28] —doped and undoped
[33, 34] have been employed to dope Fe, O3 individually or in
combination as photoanodes for water splitting application. On
the other hand, Cr [35, 36], Nd [37], ZnO [38], and Eu [39]
have been used to dope @-Fe,03; for improving the magnetic
properties.

In the area of portable, flexible and wearable electronics
and asymmetric supercapacitors undoped a-Fe,Os3 [40, 41],
Carbon incorporated a-Fe,Ozon carbon nanotube [18], a-
Fe,Os/graphene/Ink [42], a-Fe, O3 on carbon cloth [43], oxy-
gen vacancy engineered a-Fe,O3; nanoarrays on carbon cloth
[44], a-Fe;Osnanorods in Ni/Fe battery [45], MXene@ a-
Fe, 05 coreshell /carbon cloth [46], Si@ a-Fe,O3/carbon cloth
[47], Polypyrole doped a-Fe203 [48], a-Fe,O3; @PANI core-
shell [49], TiO2@ «-Fe,Oscoreshell on array of carbon cloth
[50] and Cu-doped a-Fe,O3 [51] have all been employed to in-
crease the conductivity of a@-Fe,Os;For environmental remedia-
tion through waste water treatment, a-Fe,O3/Ppy for photocat-
alyst degradation of methylene blue under UV irradiation [52],
a-Fe;0sin the treatment of oily waste water [53], pure copper
and GO-doped a-Fe,O3 [54] for waste water treatment, Cu-
doped Fe @Fe, 03 coreshell nanoparticles for removing AS(III)
for Smelting waste water [55], Zn-doped a-Fe,Osfor photocat-
alytic degradation of Rose Bangal dye [56], activated carbon
coated a-Fe,O3 adsorbent for chlorinated gas treatment [57],
Ni-doped a@-Fe,Osfor removing toxic metals for aqueous so-
lution [58], Y203/ a-Fe,03/TiO2 [59] and a-Fe,0; @CeO2-
ZrO2/Polygorskite [60] composite catalysts for treatment of or-
ganic pollutants have all been used successfully. As gas sensors,
Pd-doped a-Fe,03 [61], Nb-doped a-Fe, 03 [62], Cu-doped a-
Fe, 05 [63], and Ti- @-Fe, 03 [64] have all been synthesised and
employed for LPG, NO, NOXx, ethanol and CO gas sensing, re-
spectively.

Different method of synthesis have been used to produce
dope a@-Fe,O3such as ultrasonic spray pyrolysis [4], DC mag-
netron and DC pulsed hollow cathode sputtering system [7],
SILAR (10), normal spray pyrolysis [16], flame annealing [21],
atmospheric pressure CVD [23], Electrodeposition [31], Co-
precipitation [36, 64, 69], combustion synthesis method [37],
gelation and polymerisation [52], sol-gel [54, 56, 70], high en-
ergy ball milling [58], pulsed laser deposition [65], Filtered
arc deposition [67], oxygen- plasma assisted MBE [69]. Of
all the methods of preparation, spray pyrolysis offers the ease
of preparing small as well as large area coating of thin films
and nanopowders at low cost for different technological appli-
cations. Moreover, it does not require high quality targets nor
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vacuum at any stage of preparation. The deposition rate and
the film thickness can be controlled effectively by changing the
spray parameters such as the precursor composition, nozzle to
substrate distance, flow rate, and the number of passes. Most
of the studies on Cu-doped a-Fe,O3; focussed mainly on the
application and not on the detailed optical and dielectric stud-
ies needed to determine the areas of applications. This study
therefore presents detailed optical and dielectric studies of Cu-
doped a-Fe, 03 films deposited using spray pyrolysis technique,
UV-visible spectrometry and Rutherford backscattering spec-
troscopy (RBS).

2. Experimental Procedure

The starting solutions were prepared from Iron (III) chlo-
ride (FeClz) and copper (II) chloride (CuCl,) purchased from
Sigma Aldrich with ethanol and distilled water as solvents.
The salts were analytical grade and used as purchased without
further purification. For the aqueous solution, 0.1 M solution
of iron (III) chloride was prepared by dissolving 4.0 g of
FeCl; and 2.56 g of CuCl, in 250 ml of distilled water. For
ethanol solution, the same mass of FeCl; was dissolved in
250 ml of ethanol while CuCl, was dissolved in a mixture
of ethanol: distilled water in the ratio of 200:50 giving four
different solutions. The solutions were thoroughly stirred
using a magnetic stirrer. The Pyrex glass substrates were
cleaned in dilute hydrochloric acid, alcohol, and distilled
water and dried in an oven before deposition at a substrate
temperature of 320 + 5 °C and nozzle—to—substrate distance of
23 cm. Suction-based airbrush and air blast atomization was
employed for the depositions. For Cu-doped Fe,O3 deposition,
the FeCl;:CuCl, volume ratio of 80:20 was adopted. After
deposition, the samples were annealed in a tubular furnace at
different temperatures ranging from 350 -500 °C in air.

The RBS experiment was performed using the 1.7 MeV Pel-
letron Tandem Accelerator at the Centre for Energy Research
& Development, Obafemi Awolowo University, Ile-Ife, Nige-
ria. For this purpose, 4He?* ion beam was used as projectile
ions. The scattering angle was 165° and the resolution of the
detector was 12 keV. During the process of acquiring the spec-
tra data, the energy of the ion beam used was 2.2 MeV. All
measurements were performed at room temperature with cur-
rent varying between 20 and 60 nA at a constant charge of 20
uC. All the spectra were fitted using Windows SIMNRA soft-
ware for the determination of the composition and the thick-
ness of the films. The optical properties were studied using a
Stellanet UV-visible spectrophotometer (Model EP2000) with
wavelength covering 200 to 1100 nm in the transmission mode.

3. Results and Discussion

3.1. Visual Observation

Typical surfaces of the deposited films are shown in Figure
1 for doped and undoped films. The surfaces are clean and
regular without voids with strong adherence to the substrate.
The change in colour due to Cu addition is obvious.

Figure 1: Surfaces of the undoped (left) and Cu-doped (right) Fe, O3 deposited
films taken by an optical camera Camon 12 Pro.

3.2. RBS Study - Determination of the Thickness and Compo-
sition.

Preliminary results of the RBS analyses of the four films
grown on Pyrex glass using ethanol and distilled water as sol-
vents for doped and un-doped Fe,0; is presented in Figure 2
(a-d). The shape of the spectra clearly showed the effect of
the solvent employed in depositing the films. Sharp peaks are
associated with ethanol while broad peaks are associated with
distilled water. This may be due to the film thickness and the de-
gree of structural orderliness. All the films deposited using dis-
tilled water for the same number of passes are 15 times thicker
than the films deposited using ethanol as shown in Table 1. This
may also be an indication of the film integrity in that alcohol so-
lutions produced more ordered films than distilled water.

The spraying process employed in this study can lead to
the formation of films of FeOH, FeO, Fe,Os3 or Fe;O4. In
a pure crystal the ratio of atomic content Fe:O is 0.5:0.5 for
FeO, 0.4:0.6 for Fe,0s3, 0.429:0.571 for Fe;04 and Fe: OH of
0.25:0.75 for Fe(OH);3. From the elemental composition of the
films, we can deduce that the films are neither FeO nor Fe;Oy.
The RBS simulation of the films gave the atomic percentage
of Fe, O and Cu. The results, using Fe/O values in Table 1,
indicate that undoped alcohol and undoped distilled water
precursors produce non-stoichiometric films of Fe(OH); with
anion deficiency compensated by excess cation for undoped
alcohol precursor and cation vacancies compensated by excess
oxygen for undoped aqua precursor.

In the case of Cu-doped precursors, distilled water also
produce non-stoichiometric films of Fe(OH); but with Ca
substituting for Fe and both anion and cation vacancies are
probably compensated by Cu. This explains the high content
of Cu in the film but does not explain the incursion of Ca into
the film. To explain the presence of Ca in the film, the RBS of
the substrates for each film were also analysed simultaneously
with the film and the result is shown in Table 2. It is obvious
from the table that Ca did not diffuse from the substrate into
the film and therefore we may infer that Ca got introduced
into the film from the distilled water used as a solvent. But
there is no presence of Ca in the undoped aqua precursor and
this led us to believe that Cu must have acted as a catalyst in
the film formation and coexisted in the film without forming a
compound with Fe.

Lastly, for Cu-doped ethanol precursor producing film
thickness of 51.77 nm, the Fe/O ratio of the film gave a value of
0.660 which is very close to 0.667 for pure Fe,Oj3. It can then
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Figure 2: RBS spectral of undoped and Cu-doped Fe; O3 in ethanol (a, b) and undoped and Cu-doped Fe; O3 in distilled water (c, d).

be said that Cu acted as a catalyst for the formation of Fe, 03
and existed in the film as a solid solution without forming a def-
inite phase in the film. Hence, from this point, further analyses
will focus solely on Cu-doped alcohol precursors.

3.3. Transmission Analyses

The effect of the number of passes on Cu-doped Fe,Os is
depicted in Figure 3a where it can be seen that the increase in
the number of passes led to a decrease in transmittance. This
trend had been observed in CuO film deposited by spray pyrol-
ysis [71]. Two distinct regions can be observed on the spec-
tra with the line of demarcation around 648 nm which corre-
sponds to 1.92 eV. At this wavelength, the transmittance for 40,
60, and 80 passes were 85, 82, and 78% respectively. Above
this wavelength is region 2 where the transmittance is slowly
varying as the wavelength increases. Below this wavelength
is region 1 where the transmittance is rapidly changing as the
wavelength decreases. Region 1 is the absorbing region with
80 passes having the highest absorbance which is probably due
to the increased thickness of the film as the number of passes
increased while region 2 is the transparent region. This result
showed that the film is slightly opaque to photon energies less
than 1.92eV and that it can serve as an optical window and a
good solar absorber material. Figure 3b is the comparison of
the transmittance of Cu-doped Fe,O; films grown on borosil-
icate glass with 80 passes using deionized water and alcohol.

4

The graph shows that deionised water produced thicker film due
to the low transmittance (maximum of 30%) while ethanol pro-
duced thinner films of high transmittance (maximum of 80 %).
This corroborates the results obtained from RBS.

3.4. Absorption Coefficient and Skin Depth

3.4.1. Absorption Coefficient

The absorption coefficient @ of a semiconducting material is
an important parameter useful in determining how the incoming
photon energy interacts with the atoms of the semiconductor.
The absorption coefficient was calculated using the relation

1

7

Since it is a function of the energy of the incoming pho-
ton, Figure 4a depicts the variation of the absorption coefficient
with the wavelength of the interacting photon where it can be
seen that the absorption is high at high photon energy (ultravio-
let region) and decrease gradually till 700 nm where it becomes
invariant at the lowest value of 5.0 x 10* cm’!. This trend has
been observed in many films even prepared with different meth-
ods [72]. The high value of the absorption coefficient makes the
material a good absorber and very useful in optoelectronic ap-
plications.

1
a=—In
1t

@
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Table 1: Thickness (nm) and composition (at. %) of the annealed films from RBS analyses.

Precursor Thickness Fe (0] Cu Ca Fe:O Fe/O  Remark
Undoped alcohol Sol®  94.45nm  27.83 7217 - - 0.278 : 0.723  0.359 Fe(OH);
Cu-doped alcohol Sol"  51.77nm  39.35 59.62 103 ----- 0.394:0.596 0.660 Fe,03
Undoped aqua Sol" 1370 nm 17.85 82.15 -—--— - 0.179:0.822 0.217 Fe(OH);
Cu-doped aqua Sol" 1120.80 13.56 6926 440 12.77 0.136:0.693 0.196 Fe(OH);
Table 2: Composition (at. %) of the substrate employed for the films
n . : 100
Film Thickness Ca Si O Fe Na Al
90 (a)
(nm) |
Fe, 03/ 94.45 1.83 28 56 0.52 12.6 0.53 80 4
alcohol g 70 3
Cu-Fe,03/ 51.77 1.83 28 56 0.52 12.6 0.53 g 60 Region 2
;E%I(? 1370 1.83 28 56 0.52 12.6 0.53 q % Rogion
203 . . . . c
distilled H,O g
Cu-Fe,03/ 1120.80 1.83 28 56 0.52 12.6 0.53 = 30
distilled H,O 20 e F €20 3CUO40ANN
10 e F 220 3CUO60ANN
Fe203Cu0O80Ann
0 T T T T T T T )
3.4.2. Skin Depth 200 300 400 500 600 700 800 900 1000
On the other hand, yvhen a ray of light passes through thin wavelength "A" (nm)
films, the photon intensity decreases dramatically for many rea-
sons, like the density of the material, refractive index, morphol-
ogy of the surface, and the film microstructure. The thickness 100 Annesled Cu-doped Fe, 03 in ethanol
of the film that causes the intensity of the photon to be re- 901 — Annealed Cu-doped Fe,0j in distilled water)
duced to 1/e value below the surface of the film is called the 80 -
skin depth ¢ which is defined as the inverse of the absorption ] 70 4
coefficient ¢ = i It is therefore a function of frequency and E 60 .
hence the band gap. Fig. 4b is depicting the connection be- ‘é 50 ]
tween the skin depth and photon energy of Cu-doped Fe,0s. 0 o]
The gradual decrease in skin depth can be seen until it gets S
to a minimum depth of 2.68 x 10 cm (26.8 nm) at around 4 = 201
eV (4 = 342 nm). This minimum skin depth of 26.8 nm cor- 20 (b)
responds to the middle of the film. This result is contrary to 10+
other studies where it was shown that the skin depth reduced

to zero at a certain energy corresponding to the cut-off wave-
length Acutot [72, 73]. This may be because the nature of their
films was glassy and contain a mixture of crystalline and amor-
phous phases whereas the film in this study may be completely
crystalline.

3.4.3. Bandgap determination

For the photon energy range corresponding to the transmit-
tance spectra, the absorption coefficient can be approximated
by simple expressions. For example, assuming a parabolic E
versus k relationship, the absorption in semiconductors and di-
electrics films can be expressed as

B(hv - E,)"
a = Tfor hy > Eg 3)

The quantity « is the absorption coefficient, hv denotes
photon energy, B is a constant that includes information of the
convolution of the valence and conduction band states and on

0 T T T T T T T 1
200 300 400 500 600 700 800 900 1000
wavelength "A" (nm)

Figure 3: (a) Effect of the number of passes on the transmittance of Cu-doped
Fe,O3 and (b) comparison of the effect of precursor solvent on the transmit-
tance for 80 passes.

the matrix elements of optical transitions which is assumed to
be independent of energy, Eg is the Tauc’s optical gap and B
depends on the material composition and deposition method
and conditions, m is the order of transition that take values of
1/2, 2, 3/2 and 3 representing direct allowed, indirect allowed,
direct forbidden and indirect forbidden transitions, respectively.

Other approximations such as the Absorption Fitting Spec-
trum (AFS) procedure and David-Mott model exist for deter-
mining the band gap of semiconducting materials. Absorp-
tion Fitting Spectrum [74] uses equation (3) but is expressed
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Figure 4: Graphical representation of the variation of (a) the absorption coeffi-
cient with wavelength and (b) the skin depth with photon energy for Cu-doped
Fe, O3 from ethanol solution.

in terms of “A”. Rearranging equation (3) gives

ahe _ (e _ he W
P A A

where for direct transition (m = 1/2) and indirect transition
(m = 2), we obtain
a)? 11 a\? 11

9 - k[-- = d(—):C——— 5

(/l) (/l Ag) RV (/1 Ag) )
where Ag, h, and ¢ are the wavelength corresponding to the
optical bandgap value, Planck’s constant, and the velocity of
light respectively. Davis and Mott on the other hand proved
that through the in-depth analysis of the matrix elements for
transitions between extended states and those between weakly
localized states, the absorption coefficient (@) can be expressed
through the following equation [75-77]

470 min

hw= — M (hv- E,)>. 6
v 3m(AE)2(v 2) (6)

This can be re-written as:
(@hv)t = K (hv — E»), @)

where o = (%)[N (EC)]2 is the minimum metallic
conductivity and E; = E. — E,. Thus plotting (ahv)" against

hv for Tauc approximation, (%)m against % for AFS procedure
and (ahv)™ against hy for Davis-Mott model where m = 1/2
or 2 for direct and indirect electronic transitions in the case
of Tauc and AFS but m = 1/3 or 2/3 for direct and indirect
transitions in the case of Davis-Mott, which actually represent
direct forbidden and indirect forbidden transitions respectively,

we obtain Figure 3.

Graphical representation of equations (3), (5) and (7) for
determining the bandgap is depicted in Figure 3 (a-c) and the
result is presented in Table 3. It can be observed that for direct
electronic transition, the three models gave almost equal values
of 3.11, 3.44, and 3.43 eV while for indirect electronic transi-
tion the disparity in the values is wide, 3.44, 1.98, and 2.32 eV.
Since it is a known fact that the direct band gap energy is always
higher than an indirect band gap energy, the Davis-Mott model
does not reflect this trend and therefore can be neglected. On
the other hand, AFS and Tauc models follow this trend and can
lead us to say that Cu-doped Fe203 has an indirect bandgap
that lies between 1.98 and 2.32 eV and a direct band gap of
3.43 eV. This can be explained by noting that the initial orbital
assignments of the bandgap suggested it was due to an indirect
transition of Fe>* d—d origin and that a stronger direct transition
involving a charge transfer from an O2p orbital to Fe3d did not
occur until 3.2 eV [11]. The result indicates that Fe,O3 pre-
pared through ethanol solution is an indirect band gap material
though many researchers concluded that Cu-doped Fe,O3 can
exhibit both a direct and an indirect bandgap transition [10-15].

Table 3: Analyses of the different models employed in determining the band
gap of Cu-doped Fe, O3 film.

Model Direct (¢V) Indirect (eV)
Davis-Mott  3.11 3.44
AFS 3.44 1.98
Tauc 343 2.32

3.4.4. Urbach band tail energy

At photon energies below the exponential absorption edge,
there is a sub-gap absorption that originates from transitions
between deep localized electron states in the pseudo-gap and
extended states in the conduction and the valence bands. The
exponential rise is called the Urbach tail and it appears in poly-
crystalline, partially crystalline, and non-crystalline materials,
because of the existence of these localized states [78—80]. The
relationship between the absorption coefficient and Urbach tail
energy is given as

v
a= qetu, (8)

where a, is a constant and Ey; refers to the energy of the band-
tail width (Urbach energy). This energy, EU depends slightly
on temperature and is often interpreted as the band-tail width
owing to the localized states in the forbidden band gap and as-
sociated with the perturbation of the non-crystalline and low
crystalline materials [81]. Linearisation of equation (8) and
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(c) Band gap determination using Tauc’s method for direct (left) and indirect (right) transition.

Figure 5: Band gap determination

plotting In @ against kv gives a straight line where the inverse of the slope is the value of Urbach energy.

h
Ine =Ina, + — )
Ey
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Figure 6: Plot of In @ against hv for Urbach energy determination

The plot of In @ against hv is presented in Figure 6 where
the straight line nature is observed. The value calculated for
Urbach energy from the slope is 1,100 meV. The Urbach energy
quantifies the steepness of the onset of absorption near the band
edge, and hence the broadness of the density of states. Since a
sharper onset of absorption represents a lower Urbach energy,
Cu-doped Fe203 has a broad onset of absorption.

3.4.5. Steepness Parameter

There is another expression that relates the absorption co-
efficient « to the band gap energy E, according to Urbach’s
assumption [67-69] given by

Bexp [O'(hv - EO)] ’

ksT (10)

a =

where £ is a pre-exponential factor, Kp is the Boltzman’s con-
stant, T is the temperature, o is another optical constant called
the steepness parameter, E, is the energy of the transition which
depends on the type of transition. If it is a direct transition,
E, = E, while for indirect transition E, = E, + E,, where
E ), is the energy due to lattice vibration. Since we have agreed
that this is a direct transition then we can replace E, with E, in
equation (10). Simplifying the equation by taking the natural
logarithm of both sides gives

Ine=mnp+—7 -
KgT KgT
cFE h
na={ng- £+ I (11)
KgT KgT
‘We then obtain
oE h h
Ina, = |- 2| and = = T (12)
KzT Ey  KgT
KgT
= — 13
o Ey (13)

where Kz = 8.6173 x 107 eV.K™!' and T = 300 K (room
temperature). Therefore, we can calculate the steepness pa-
rameter o for Cu-doped Fe,Os; to be 7.83 and the electron-
phonon coupling energy, Eyp, = 3%_ to be 0.85 eV while o, =
1.03 x 10* cm™!,

4. Refractive index, reflectance and extinction coefficient

The refractive index which governs the speed of wave prop-
agation, reflectance which indicates the percentage of the wave
reflected and the extinction coefficient which shows the propa-
gation loss in a material are important parameters in determin-
ing the optical properties of thin films to be employed in op-
toelectronic devices. In the present study, the reflectance had
been determined using the relation:

R=14+ [T62A3o3m]% , (14)

where T is the transmittance, « is the absorption coefficient, and
t is the film thickness obtained from the RBS study. The refrac-
tive index n, the extinction coefficient k and the optical conduc-
tivity o were determined through equations (15) and (16).

1+ VR
n:

1- VR

ad

= (16)

s)

1.6

14 -\
-
<124 \

109 gheet2
0.8 -

0.6 -
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0.2 k
—_ rd

0.0

300 400 500 600 700 800 900 1000
wavelength "A1" (nm)

Figure 7: Plot of n and k against wavelength for Cu-doped Fe,O3

Graphical representation of equations (15) and (16) against
wavelength is shown in Figure 7 to understand their variations
as photon energy changes. The refractive index showed a high
value at high energy and decreased as the wavelength increased
and became constant from 700 nm. The extinction coefficient
also showed the same trend as the refractive index. Both “n”
and “k” became constant from 700 nm up to 1000 nm. The
figure also indicated that the refractive index is 16 times higher
than the extinction coefficient. The dependence of the index
of refraction on photon energy can be well described using
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a single-effective-oscillator formulation according to Wemple
and Di-Domenico [82, 83]
EJE
nol= (17)
|E2 - ()]
By taking the inverse of equation (17), we obtain
1 _ Eosc (hv)z
(nz - 1) E, EdEosc’

where E,, is the single-oscillator energy and E; is the disper-

(18)

sion energy. By plotting <n2 - 1)_1 against (hv)> we obtain a
straight line whose intercept equals EEL: and the slope isﬁ.
The graph is presented in Figure 8 where the values of 4.44
and 6.12 eV were obtained for E4 and E respectively. The
expression (17) holds for photon energies well below E,q.
At energies approaching E,,., deviations to the simple law
originating from the proximity of the main band-to-band
transitions, are measured.

Furthermore, the knowledge of E4 and E can be utilized
in determining the zero-frequency dielectric constant &, and
zero frequency refractive index n, through the relation (19), and
the values obtained are recorded in Table 4.

(19)

(n2-1)°1

0.6 T T T
3 6 9 12 15

()2 (ev)?

Figure 8: Plot for the determination of the single oscillator energy (Eosc) and
the dispersion energy (Eq)

Another way of discussing the dispersion parameters is to
employ the long wavelength approximation of the single-term
Sellmier relation since it retains the physical significance of the
oscillator parameters. The relation is given by equation (19),

S22
LV
- (]
where S, is the average oscillator strength and 4, is the average

oscillator parameter. Again, linearising equation (20) gives,

-1 1 1
(nz—l) :W_AZ_SO-

2

n—-1= (20)

2

1.4

o
'S

2 4 6 8 10 12
A2x10'2 (m?)

Figure 9: Graph for determining the average oscillator strength (S,) and average
oscillator parameter ( 4,).

-1
Plotting (n2 - 1) against 172 will give a straight line

1 1

whose intercept ( 3 AZ) and the slope is (s_) can be determined

and the graph is presented in Figure 9. The dispersion param-

eter ?—" where E, = :LTC can also be determined. The values of

So, A, and g— determined through this process is tabulated in
Table 4.

4.1. Density of State Effective Mass Ratio

The relationship between the refractive index “n” and the
wavelength of the incident photon can also be employed to de-
termine the density of state effective mass ratio and the high
frequency dielectric constant through equation (22):

RET

4ng, m*

where &, is the high frequency dielectric constant, “e” is the
electronic charge, “c” is the speed of light and “N./m*” is the
density of state effective mass ratio. Plotting n> against A% will
give a curve where the intercept of the straight part of the curve
on the y-axis equals £, and (%) can be determined from the

slope which is 471;8 (ﬁ—z) (%) With m* = 0.44 mo, the value of
Nc can also be calculated. These values of &.,, N./m* and N,

are recorded in Table 4.

4.2. Dielectric constant

The knowledge of “n” and “k” permits the determination of
the real, imaginary, and loss tangent of Cu-doped Fe,Oj3 films
through equations (23)-(25), and the graphical representation is
depicted in Figure 11.

e =n—-K (23)

& = 2nk 24)

tané = & 25)
&r
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Figure 10: Variation of n vs A2 for the determination of the high frequency
dielectric constant £, and the density of state Nc
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Figure 11: Variation of &, &; and tan ¢ with photon wavelength

Figure 11 shows that g, is far greater than ¢; since ¢; is a
product of n and k and with smaller values of k, &; will be lower
than g,. It can also be observed that &,, &; and tan § decreased
gradually until around 700 nm where they become independent
of the photon wavelength. The variation of these three param-
eters is an indication of photon energy interaction with the free
electrons of the Cu-Fe, O3 matrix. The low loss tangent (tan §)
means that energy dissipation and propagation loss of the pho-
tons in the matrix are low indicating that photons are able to
pass freely in the matrix which will lead to increased optical
mobility and conductivity.

4.3. Relaxation time, mobility, resistivity and conductivity

The variation of the imaginary part of the dielectric con-
stant &; with wavelength can also be employed to determine
the relaxation time 7, optical mobility “4op”, optical resistiv-
ity “pop.” and optical conductivity “oop” through the following
equations:

= — (e—i)(&).lﬁ (26)

4m3g, \ 3 ) \m* ) 1

Table 4: Elemental composition, optical, dielectric and oscillator parameters
for Cu-doped Fe, O3

Parameter Symbol & Unit  Cu doped Fe,0;
Iron content Fe (at. %) 39.35
Oxygen content 02 (at. %) 59.62
Copper content (at. %) Cu (at. %) 1.03
Plasma frequency wp (s 6.85x 10"
High frequency Eoo 1.81
dielectric constant
Film thickness t (nm) 51.77
Density of state effective ~ N./m* 5.1x 10%
mass ratio (m3kgh)
Optical carrier charge N, (m?) 2.0 x10%*
density
Urbach energy Eu (meV) 1,100
Relaxation time 7 (8) 1.3 x1014
Optical mobility 1 (m2. Vst 5.2 x1073
Optical resistivity o (Q.m) 6.0x 10*
Optical conductivity o (Q'm") 1.67 x10°
Effective single Eosc (eV) 6.12
oscillator energy
Dispersion energy Eq4 (eV) 4.44
Effective single Eosc/Eg 2.64 - 3.09
oscillator energy band
gap ratio
Zero frequency n, 1.31
refractive index
Zero frequency dielectric &, 1.72
constant
Average oscillator Sose (M) 1.93 x10"3
strength
Average oscillator Aosc (M) 1.95x 107
wavelength
Average oscillator E, (eV) 6.33x 10'8
energy
Dispersion parameter Eo/So (eV.m?) 3.30 x10°
Bandgap E, (eV) 1.98 -2.32
Linear susceptibility X 5.8x 1072
Nonlinear susceptibility ¥ (esu) 1.79 x 10"
Nonlinear refractive n, (esu) 5.1x 10"
index

fopt = — @

m
S 28
pon = (28)
1
Topt = (29)
Popt

where “e”, “c” and “m"” are the electronic charge, velocity of
light and effective mass (0.44 m,) of free charge carriers re-
spectively. The plot of €; against A3 will produce a curve where

. N CAY AN
the slope of the linear part of the curve equals yrery (%) (m—) -

which gave 7 to be equal to 1.3 x 10~'%s. With this value of T,
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Hopt> Popt and ooy are determined as tabulated in Table 4. The
values obtained from this study are of the same order of mag-
nitude with the values obtained for some chalcogenide com-
pounds [84].

Z 034
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Figure 12: Plot of &, versus A3 for the determination of the relaxation time.

4.4. Plasma Frequency

The relationship between n? and A% given in equation (22)
can also be expressed in another form:

w2
2 P |2

= & — | — |1

e [47r02 ]

Comparing equation (23) with (30), it can be seen that both
equations have the same slope and with the slope of equation
(32)
which is the slope of equation (30), the value of wp has been

calculated to be 6.85 x 103 s'. This value corresponds well
with the values obtained by other authors [84].

(30)

(22) determined to be 4.16x10° and equating this value to

4.5. Optical nonlinearity

Nonlinear optic happens in a media where the polarization
density P responds non-linearly to the electric field E of the
light. The non-linearity is typically observed only at very high
light intensities. Nonlinear optical phenomena, in which the
optical fields are not too large, can be described by a Taylor
series expansion of the dielectric polarization density (electric
dipole moment per unit volume) P(¢) at time ¢ in terms of the
electric field E(¢):

P() = &, (YVE®) +¥PE* () + XV E () +---)  (31)
where the coefficients y™ are the n-th-order susceptibilities of
the medium, and the presence of such a term is generally re-
ferred to as an n-th-order nonlinearity. Simple semiempirical
relation based on generalized Miller’s rule allows an estimation
of nonlinear susceptibility (y*) and non-linear refractive in-
dex (n%) from linear refractive index and/or from the dispersion
energy and the energy of effective oscillator of the Wemple-Di

11

11

Domenico model [84, 85]. The relevant equations are expressed
below:

E
m - =4 32
X 4rE, (32)
2 _ 1 4
/\/(3) =C (l’lo—) (33)
4
1273
m=—X (34)

where ¥V, ¥, n, and C are the linear susceptibility, nonlinear
susceptibility, nonlinear refractive index and a constant which
is equal for all materials with a value of 1.7 x 107'° esu and it is
independent of frequency. The values obtained using equations
(32)-(34) are tabulated in Table 4.

5. Conclusion

Cu-doped hematite thin films were prepared from a mix-
ture of distilled water and ethanol precursor using spray py-
rolysis technique. Apart from RBS studies that provided the
film thickness and the composition, all other parameters of the
films were deduced from the optical transmittance studies. RBS
showed that only the Cu-doped film prepared from ethanol so-
lution gave the composition very close to Fe; O3 with film thick-
ness of 51.77nm. Optical transmittance studies of the Cu-doped
films also showed that the transmittance of the film prepared us-
ing distilled water is lower than that of ethanol solution which
is an indication that ethanol solution produced nano-thick films
of high integrity. Cu-doped Fe, O3 film is highly absorbing with
@ greater than 10° cm™!. Tauc, AFS and Davis and Mott mod-
els were employed to determine the actual value of the bandgap
using direct and indirect transition to conclude that Cu-doped
Fe,0Os3 is an indirect bandgap material with 1.98 eV < Eg <
2.32 eV and a direct band gap energy of 3.43 eV. The value of
Urbach energy gave an indication of a broad onset of absorp-
tion. The variations of the refractive index with photon energy
or wavelength allowed the estimation of the single-oscillator
energy, dispersion energy, average oscillator strength, average
oscillator parameter, dispersion parameter, density of state ef-
fective mass ratio, high frequency dielectric constant and the
plasma frequency. &, > n2 means that free charge carriers
contribute in the polarization process within Cu-doped Fe,03
thin film. The variation of the imaginary part of the dielec-
tric constant (g;) with photon wavelength led to the estimation
of the relaxation time, optical mobility, resistivity and optical
conductivity. The 1 and 3' order nonlinear susceptibility and
nonlinear refractive index were estimated. All the values of the
parameters estimated were of the same other of magnitude with
other semiconducting materials. The values also indicated that
Cu-doped Fe,Os; film could be suitable for nonlinear, electro-
chemical as well as optoelectronic applications.
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