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Microstructural and optical properties of spinel oxide MyCo, _ yMnQOg4
(M = Ni, Zn or Cu; 0 <x < 1) thin films prepared by inorganic

polycondensation and dip-coating methods

Thi Ly Le, Sophie Guillemet-Fritsch, Pascal Dufour, Christophe Tenailleau *

Laboratoire CIRIMAT, UMR CNRS 5085, Université de Toulouse, 118 Route de Narbonne, 31062 Toulouse Cedex 9, France

ABSTRACT

Spinel oxide nanoparticles of M,Co, — yMnO4 (M = Ni, Zn, Cu; 0 <x < 1) were prepared at 120 °C by the inorganic
polycondensation method. Phase composition and microstructure of each sample powder thus obtained were
characterized by X-ray diffraction, X-ray fluorescence and scanning electron microscopy. Nanoparticles are
well crystallized and uniformly distributed in both shape and size. Colloidal dispersions were stabilized in a
low cost and environmentally friendly solvent solution. Spinel oxide thin films were then deposited on glass sub-
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strates by using the dip-coating technique. Their optical properties were measured in the 300-1100 nm wave-
length range. Thin films show extremely good absorbance in the ultra-violet and blue regions. The highest
absorbance observed in the red region was for x = 0.15 in zinc. A smaller direct band gap was determined
when a low amount of doping M element was introduced in the cobalt and manganese spinel oxide material.

1. Introduction

Transition metal oxides (TMO) with the spinel structure (represent-
ed by the general formula unit AB,O,4, with A>* ions and B>* ions) have
always attracted intensive interests due to their rich and various physi-
cal phenomena such as metal-insulator transition, superconductivity,
ferromagnetism [1-4]. Among all of the possible coatings, (Mn,C0);0,4
spinel is regarded as one of the most promising candidates for applica-
tions in integrated multifunctional systems used in electronic devices,
catalysis, (photo-)electrochemistry, chemical sensors and fuel cells
due, for instance, to its relatively high conductivity and compatible
coefficient of temperature expansion with metallic interconnects [5,6].
Furthermore, spinel oxides are important TMO semiconductors that
exhibit a rich variety of electrical, magnetic and optical properties and
their performances can be further improved by doping with a wide
range of transition metal cations [7-10]. Presently, many physical and
chemical techniques such as screen printing [11], Radio-Frequency
(RF) sputtering deposition [12], laser molecular beam epitaxy [13] and
chemical solution deposition (CSD) methods [14,15], spin spray [16]
and sol-gel technique [17,18] have been used to prepare spinel oxide
thin films.

* Corresponding author.
E-mail address: tenailleau@chimie.ups-tlse.fr (C. Tenailleau).
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Recently, we synthesized a series of pure manganese and cobalt
compounds by soft chemistry methods [17]. These p-type semiconduct-
ing materials also exhibit interesting optical properties with very high
ultraviolet (UV) and early visible absorption, and almost transparency
in the infrared (IR) region. We also showed that MnCo,04 exhibits the
highest conductivity from the Mn-Co-O spinel family [19]. MnCo,04 is
therefore of particular importance and its band gap (E; = 2.1 eV) can
be adjusted with doping.

A few works were devoted to the study of the optical properties of
Mn-Co-Ni-O thin films. For instance, Dannenberg et al. studied the
infrared optical properties of Mn; 56C00.9sNig.4504 thin films deposited
by RF sputtering method on silicon substrate. The films have an optically
transparent window from 6 to 14 pm [20]. Zhou et al. investigated the
UV-Vis-NIR and infrared optical constants by spectroscopic ellipsometry
for the as-grown and post-annealed Mn; 4C0; oNig¢O4 films. These can
be used for the development of optoelectronic devices [12]. Gao et al.
prepared Mn 56C0g.96Nig.4504 thin films on Al,03 substrate by the CSD
method. The thin film band gap was calculated to be about 0.64 eV
[14]. While Cos04 doped with Ni or Zn can be a useful p-type
photoelectrode for replacing NiO in dye sensitized solar cells [21], doping
Mn-Co-O spinel oxides with Cu and Ni can also improve sintering
characteristics and electrical conductivity [5].

In this study, we used the inorganic polycondensation method to
synthesize pure crystalline nanoparticles at low temperature and then
used the low cost effective dip-coating technique for preparing the
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corresponding compositional thin films [17]. Structural and microstruc-
tural characteristics of sample powders were studied and the optical
properties of the spinel oxide thin films were investigated in detail.

2. Experimental details
2.1. Powder preparation

Samples of NiyCo, - yMnO4 (NCM), Zn,Co, — yMnO4 (ZCM) and
CuyxCor — xMnO4 (CCM) were prepared and their main features are
listed in Table 1.

Spinel oxide nanoparticles of NCM, ZCM and CCM were prepared by
a simple method based on the inorganic polycondensation of particles
[17,22]. Metal (II) sulfates were dissolved in distilled water with a
fixed concentration (C = 0.3 M) of solution. For a high saturation of so-
lution, the free enthalpy can be decreased by the formation of individual
nuclei within a suspension of a homogenous phase which characterizes
the germination process. The system will then change until reaching an
equilibrium by a growing step that will generate primary particles. The
final particle size strongly depends on the germination process. We thus
performed a detailed study on the essential parameters that control the
formation of such particles during the first stages of precipitation.
Particle growth can be limited by a strong dilution. Increasing the
alkaline solution concentration can increase supersaturation, drive to
nucleation and decrease the particle size. A low dielectric constant, by
introducing ethanol in the solution for instance, can also have similar
effects.

Therefore, solutions were voluntarily close to the saturation point in
order to promote germination before the growth of nanoparticles. The
metal salt solutions were quickly mixed in a larger volume of LiOH solu-
tion (Vsai/Vutrer = 0.7) with pH ~ 12 and left under stirring for 90 min
at room temperature to form a precipitate. The solution was then fil-
tered and washed several times with distilled water by centrifugation
in order to remove any interfering ions. A following step of reflux with
distilled water at 120 °C for 2 h was necessary to provide oxygen to
the alkali hydroxide precursors and form metal oxide nanoparticles.
Pure crystalline oxide powders were obtained after drying in air.

2.2. Thin film preparation

Thin films were prepared by the dip-coating technique, using an
azeotrope solution (mixture of absolute ethanol and ultra-pure water)
as the solvent. Powders were dispersed in a solution set ata pH = 6
by ultrasonication. After several washes in absolute ethanol, colloidal
suspensions (sols) of pure spinel oxide nanoparticles were stabilized
for a few months in the azeotrope solution which is also favorable for
a homogeneous sample deposition on metal or glass substrate. Thin
films were deposited by dip-coating into the sols and withdrawing the
substrate at a constant rate of 200 mm per minute. The adhesion on
glass is poor without annealing. But the substrate is fully covered by a
homogenous layer of oxide nanoparticles. The film thickness (minimum
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Fig. 1. XRD patterns of the NCM, ZCM and CCM powders, in comparison with Co,MnO,4
(with Bragg peak indices written into brackets).

of 300 nm) can be adjusted by repeating this sequence and after letting
itdryinair for 1 min at room temperature in between each dip-retrieval
sequence.

2.3. Characterization

X-ray diffraction (XRD) data were recorded on a Bruker D4-
ENDEAVOR diffractometer using CuKoe (A = 1.54060 A) radiation
(40 kV, 40 mA) and collected over the 10° < 26 < 100° range at room
temperature, with a 0.02° step scan and 3.6 s/step.

The atomic percentages for each powder sample were probed by X-
ray fluorescence (XRF) using a Bruker S2 Ranger spectrometer.

Thin film surface morphologies were examined using a JEOL 6700F
Scanning Electron Microscope (SEM) with a Field Emission Gun (FEG)
operated from 0.5 to 30 kV, with a resolution of 1.0 nm at 15 kV and
22nmat1kV.

Transmittance T(A) and reflectance R(\) measurements were
carried out at room temperature by using a BENTHAM 605 UV-Vis-
NIR spectrophotometer in the 300-1100 nm wavelength region (step
scan of 5 nm).

24. Light absorption determination

The spinel oxide thin films were deposited on transparent substrate
such as glass in the studied 300-1100 nm wavelength region.

M,Co, — yMnO,4 sample compositions and their main structural parameters. The last two samples contain also CuO.

M X Sample formula Sample abbreviation Calculated sample formula (from XRF data) Lattice constant (nm) Crystal size (nm)

- 0 C0,MnOy4 - C02.0:MNg.9904 0.8268(1) 27(5)
0.15 Z10.15C01.85Mn; 0004 ZCM15 Zno.16C01.84MN1 0004 0.8274(10) 14(3)
0.30 Z1036C01 70MnN1 0004 ZCM30 ZN0:32C01 6sM; 0004 0.8250(5) 12(2)

Zn 0.60 Zn960C01.40Mn1 0004 ZCM60 Zng3C01 37Mn1 0004 0.8209(1) 11(4)
0.15 Nio.15C01.85Mn1.0004 NCM15 Nio.16C01.55MNg.9904 0.8243(7) 15(1)
0.30 Nig.30C01 70Mn1 0904 NCM30 Nio.32C01 6sMn1 0004 0.8271(3) 15(3)

Ni 0.60 Nio.66C01.40M1.0004 NCM60 Ni.62C01.30Mng.9904 0.8295(9) 14(4)
0.15 Cug.15C01.85MN1 0004 CcCM15 Clig15C01 8aMN;.0104 0.8271(3) 25(2)
0.30 Cug30C01.70Mny 0904 CCM30 - - -

Cu 0.60 Cuo,g0Co1 40Mn1 0004 CCM60 - - -




For a film thickness d, the absorption coefficient o was computed
from the experimental measurements of the transmittance T(\) and
reflectance R(\) by using the following formulae [23,24]:
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Fig. 2. SEM micrographs of the (a)-NCM15, (b)-ZCM15 and (c)-CCM15 powders.

Fig. 3. SEM of the surface and average thickness (cross section view) of the thin film
obtained after three dip-coatings.

3. Results and discussion
3.1. XRD analysis

X-ray diffraction (XRD) patterns of all oxide powders are shown in
Fig. 1. Each pattern can be indexed with a single spinel oxide phase
structure of cubic symmetry (Fd-3m space group). Wide peak shapes
are characteristics of nanometer scale size crystallites. The overall back-
ground is quite high due to transition metal fluorescence with the Cu
wavelength used for XRD. No significant change is observed in the
peak intensities with metal substitution as can be seen for instance
when comparing each (311) strongest line. For copper containing spinel
oxides, of CCM general composition, while CCM15 powder is pure and
crystallizes also with a cubic structure, the next compositions show
extra peaks which were attributed to a Cu-Co-O structure phase for
CCM30 and the addition of CuO for further doping, i.e. CCM60. These
latter two materials (CCM30 and CCM60) were not further studied.

The lattice constants extracted from the XRD data and sample
stoichiometries as determined by XRF analysis are reported in Table 1.
The cell parameter increases with the addition of nickel, because the
radius of the Ni?* jon is larger than that of Mn?* and Co?* [25]. Besides,
Ni% ™ shows an octahedral site preference just like Mn>*, Mn*™ and
Co®>* while Mn?" and Co?" show a tetrahedral site preference. On
the contrary, the lattice constant of ZCM compounds decrease with
increasing Zn content due to the tetrahedral site preference for the
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Fig. 4. Spectral variations of the transmittance, reflectance and deduced absorbance for
NCM, ZCM and CCM15 thin films.
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Fig. 5. The spectral distribution of the absorption coefficient of NCM, ZCM and CCM15 thin
films.

smaller Zn?™ ions [26]. Full width at half maximum (FWHM) of the
(311) peak for each cubic phase is about 0.01 rad, corresponding to an
averaged crystallite size of ~13 nm estimated by Scherrer's equation =
ﬁ’c%, where A is the X-ray wavelength, K = 0.94 (a dimensionless shape
factor), 3 the FWHM for the (311) diffraction peak and 6 the Bragg dif-
fraction angle, while making the assumption of perfectly spherical
particles.

The average crystallite size for each composition was then calculated
from the (311) XRD peak (see Table 1). For the NCM materials, crystal-
lite sizes are very similar (~15 nm in diameter) but for the ZCM samples,
the average crystallite size decreases with increasing the Zn concentra-
tion. This may arises from a larger number of Zn?>* ions, having a small
ionic radius, replacing Mn? " ions [27].

30

3.2. Morphological analysis

Particle morphology was examined by direct observation using
Scanning Electron Microscope (SEM). As an example, the micrographs
of NCM15, ZCM15 and CCM15 powders are given in Fig. 2(a)-(c),
respectively. An average nanoparticle diameter was determined by
measuring, for each sample, the size of twenty particles observed on
the SEM micrograph by using the Image] software. Diameters of
35 nm, 30 nm and 50 nm were determined for NCM15, ZCM15 and
CCM15, respectively. These particles are made up of many smaller
crystallites, corresponding to the crystallite size determined by X-ray
diffraction. Salek et al. [17,22] and Park et al. [5] reported similar rose-
like morphology for Co,MnO,4 and Nig>Co; 4Mny 404.

The thinnest layer obtained after one dip-coating is close to 300 nm.
Fig. 3 shows the surface morphology of a thin film obtained after three
dip-coating sequences at room temperature and observed by SEM.
The substrate is then well and homogenously covered by the oxide
thin film over the entire surface area. A thickness of ~1 pm is measured
after three dip-coating sequences, as can be seen on the cross section
image in Fig. 3.

3.3. Optical properties

The spectral variations of transmittance T(\) and R(A) of thin films
measured at room temperature in the 300-1100 nm wavelength
range and for a film thickness of ~1 um are show in Fig. 4. The
reflectance is low (R(A\) < 10%) over the whole spectral range. Thin
films exhibit high transparencies in the infrared spectral region. The
curves of absorbance, which were obtained following the simplified re-
lation A(A) = 1 — T(A) — R(\), are also given in the inset of Fig. 4. The
overall variations are very similar for all compositions. The absorbance
spectrum exhibits two strong absorption bands at around 450 nm and
750 nm in wavelengths for all the samples. The first front of absorbance
in the UV region remains very high for all Ni, Cu or Zn contents. While
the absorbance of metal doped-MnCo,04 is increased in the visible
region, a blueshift of the absorbance in this region is observed with
the increase of Zn or Ni concentration. Also, the second front of
absorbance at around 700 nm gradually decreases from Zn (ZCM15)
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to Cu (CCM15) and Ni (NCM15). Zn?* (d'°) is concentrated on the
tetrahedral sites while Cu?* (d®) and Ni?* (d®) are essentially situated
on the octahedral sites. However, Ni?", Cu?>" and Cu™ were also
reported on the tetrahedral sites [15,28].

The spinel oxides band gaps can be determined following Tauc's
relation [29]:
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where ais the absorption coefficient, hv the photon energy, C an energy
independent constant, Eg the optical band gap and m is a constant.

3.4. Band gap determination

In solid state physics, the band gap is a major factor related to the
electrical conductivity of a solid. The band gap is usually determined
by studying its optical transmission and reflection spectra in the near
ultraviolet to near infrared (UV-Vis-IR) spectral range or ellipsometric
spectra as well as density functional theory (DFT) [30].

The m exponent, extracted from Tauc's power-law behavior
(Eq. (3)) is a constant equal to 2 or 3 for indirect allowed or forbidden
transitions, respectively while m is equal to 1/2 or 3/2 for direct allowed
or forbidden transitions, respectively [31,32]. The absorption coefficient
« spectra of the NCM, ZCM and CCM15 thin films are shown in Fig. 6.
The two strong absorption bands are evidenced for each film in the
region between 300 and 800 nm. Those absorption bands arise from a
linear combination of these one-electron transitions. The two peaks
observed for each spectrum of the absorption coefficient o (Fig. 5)
correspond to the two peaks in the spectrum of the absorbance (inset
of Fig. 4).

Eq. (3) can be rewritten as:

In(athv) = m In (hv—Ey) 4

d[ In(ahv)] m

dhv)  — hv—E, ()

The type of transition can be obtained from the m value in the
Eq. (4). Here, m is as the slope of the In(ahv) vs In(hv — Eg) curve

(Fig. 7). The value of Eg is determined by plotting “3{%*) as a function

of hv (see Fig. 6). The strongest peaks there observed at the particular
energy values give a good approximation of the optical band gap Eg.
Two values of E, are evidenced for each composition.

These Eg values were used to plot In(ahv) as a function of In(hv —
E,) in order to determine the m value (Fig. 7). Each sample shows two
values of optical band gap and the linear fit always gives the same
slope value of 1/2, which indicates that direct transitions occur in the
films of NCM, ZCM and CCM15.

In order to determine precisely the optical band gap E, value, we
plotted (ahv)? as a function of photon energy hv in Fig. 8. The optical
band gaps were determined by extrapolation of the linear portion of
the peaks for each plot to (cthv)? = 0.

Again, there are two energy gaps for each composition as seen in Fig. 8.
The values of Eg, corresponding to the smallest gap value and the largest
absorption band at about 750 nm, can be related to an energy transition
between two metal cations. The values of E,y, corresponding to the largest

Table 2
The optical band gaps of the NCM, ZCM and CCM15 thin films determined in this work and
compared with values reported in the literature.

Compound Eg Eg Ref

(eV) (eV)
NCM15-Nig 16C01.85Mng 9904 1.37 2.19 Present work
NCM30-Nig 32C01 6sMn 0004 141 2.20
NCMG60-Nip €01 39Mng 9904 1.49 2.32
ZCM15-Zng 16C01.84Mn 0004 1.38 213
ZCM30-Zng 32C01 6sMnq 0004 1.51 229
ZCM60-Zng 63C01.37Mn1 0004 1.54 230
CCM15-Cug 15C07.84Mng 9104 1.39 2.14
Co,MnO4 1.48 213 [17,36,37]
Zn-Co-0 - 230 [35,36]
Nig 6C01.0Mny 404 0.51 - [38]
Nig.48C00.96Mn1 5604 0.64 - [39]




gap value and the first absorption band in the measured area (at about
450 nm), can be related to an energy transition from the oxygen anion
to the metal cation [17,33,34].

Table 2 lists the values of the band gaps obtained from the present
study, which are in good agreement with those reported in the litera-
ture for similar compositions [17,35-39]. The substitution of 15 at.%
Co by a higher atomic number transition metal M of the same period
in MyCo, — xMnO, decreases the first band gap Eg; while Eg, remains
similar (Eg; = 1.37/1.39 eV for NCM15, ZCM15 and CCM15 in compar-
ison with Eg; = 1.48 eV for MnCo,04). Doping by a metal element M
with a higher atomic number than for Co (and Mn) contributes to
more localized orbitals and less overlapping. The interaction with the
oxygen anion is also lowered with doping, which can explain the Eg,
gap increase due to charge transfer from the oxygen 2p orbitals to the
metal d orbitals. The presence of M?* cations on the octahedral sites
(with Ni?™ and Cu?") induces the manganese oxidation on this site
and contributes to the material conductivity increase. The valence
band, which is essentially composed of metal orbitals defining the
highest occupied level for the first Eg; band gap, is filled in with more
electrons as the doping element atomic number is increased and this
band gap decreases. In the case of Zn?*, which is substituted to Co®>™
on the tetrahedral site of the spinel oxide, there is no impact on the
overall charge neutrality, and in particular on the octahedral site cation
distribution, but Eg; tends to increase with the amount of Zn’*, as the
tetrahedral orbital are more localized. Both band gaps (Eg; and Egy)
generally increase with a larger amount of doping element. Finally,
our pure materials synthesized and deposited as thin and homogenous
layers on a substrate by an easy processing technique show two direct
band gaps that can be adjusted through simple doping.

4. Conclusions

Spherical nanoparticles (30 nm < diameter < 50 nm) of single cubic
spinel oxide phases MyCo, — yMnO,4 (M = Ni, Zn, Cu; 0 <x < 1) were
synthesized by a simple method based on inorganic polycondensation.
Homogenous thin films were prepared at room temperature by the
stabilization of colloidal suspensions using only water and ethanol as
solvents. The optical properties of spinel oxide thin films show two
strong absorption bands for each composition at the UV front and
close to 700 nm in wavelength. Direct bands gaps were determined.
The lowest band gap was obtained for Nig 15C0; 8sMnOy4 (close to the
one determined for the same concentration of copper and zinc). Both
band gaps increase with further doping. These optical properties of
stable and environmentally friendly p-type semiconducting compounds
could be useful for various applications including (photo-)catalysis,
(photo-)electrochemistry and solar cells...
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