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Mn1.4Co1.0Ni0.6O4 (MCN) thin films are prepared by RF sputtering deposition method on

amorphous Al2O3 substrate. Microstructure and X-ray photoelectron spectroscopy analyses

suggest improvements in crystallinity and stoichiometry for MCN films with post-annealed

process. Infrared (IR) optical constants of the MCN films are obtained by IR spectroscopic

ellipsometer (SE) in the range of 1500 cm�1 to 3200 cm�1 (2.8–6.7 lm). The derived effective

charge supports the increase of the oxidation after annealing. The dielectric function of the films

is also extracted by SE in the range of 300–1000 nm adopting a double Lorentz model together

with a Tauc–Lorentz model. The mechanism in electronic transition process is discussed based

on the variation observed in the optical absorption spectra of the as-grown and post-annealed

samples. The optical absorption peaks located at 1.7 eV, 2.4–2.6 eV, and 3.5–4 eV are attributed

to the charge-transfer transitions of 2p electrons of oxygen ions and 3d electrons of Mn and Co

ions. Our results are very important to understand the optoelectronic mechanism and exploit

applications of metal oxides. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867439]

I. INTRODUCTION

Transition metal oxides (TMO) have arisen intensive

interests in recent years, due to the rich physical phenomena

such as metal-insulator transition,1 superconductivity,2,3 and

ferromagnetism.4 Spinel compound oxide Mn-Co-Ni-O, as

an important TMO semiconductor, has exhibited varied elec-

trical, magnetic, and optical properties, which attracts many

research attentions.5–8 Due to strong electron-phonon cou-

pling, Mn-Co-Ni-O has been widely utilized for its excellent

negative temperature coefficient (NTC) features, including

infrared detection, surge protection, thermal sensing, and so

on.9,10

With the development of membrane technology, Mn-

Co-Ni-O films have been grown by various kinds of techni-

ques, such as chemical solution deposition (CSD),11,12 RF

sputtering deposition method,13 screen printing,14 and laser

molecular beam epitaxy method.15 Among those techniques,

RF sputtering method acquires advantages including highly

efficiency, low cost, and precise controlling in growth pa-

rameters. Therefore, RF sputtering method has high signifi-

cance in industrial applications. However, only few works

devoted to the optical properties of Mn-Co-Ni-O films.

Dannenberg et al. studied the infrared optical properties of

Mn1.56Co0.96Ni0.48O4 thin films on silicon substrate depos-

ited by RF sputtering method under 300–400 �C.16 They

found that optical properties were dependent on the oxygen

partial pressure. Until now, there is no study on the affecting

of annealing process to the optical constants of Mn-Co-Ni-O

thin films. In this paper, we investigate for the first time the

ultraviolet-visible-near infrared (UV-VIS-NIR) and infrared

optical constants by spectroscopic ellipsometry for the

as-grown and post-annealed Mn1.4Co1.0Ni0.6O4 (MCN) films.

II. EXPERIMENTAL DETAILS

Mn1.4Co1.0Ni0.6O4 powders were synthesized by react-

ing a stoichiometric mixture of Mn(CH3COO)2�4H2O,

Co(CH3COO)2�4H2O, Ni(CH3COO)2�4H2O, with an atomic

ratio of 7:5:3 and then calcining it at 1100 K for 4 h. A wafer

sized U 60 mm� 4 mm was prepared via traditional sintering

method. MCN films were prepared on amorphous Al2O3 sub-

strate by RF (13.56 MHz) sputtering method with a conven-

tional off-axis setup, using commercial RF sputtering system

JPGF-400-G. Prior to film deposition, the base pressure was

evacuated to be approximately 5� 10�3 Pa, and the working

pressure was 0.4 Pa. High purity (>99.99%) argon was

applied to provide the plasma. The temperature during growth

was set to be 200 �C. MCN films were deposited under 100 W

with deposition time of about 1.5 h and then annealed at

750 �C for 90 min.

The phase identification was studied by x-ray diffraction

(XRD) in the (h, 2h) configuration using a RigaKu D/MAX-

2550 x-ray diffractometer with Cu Ka radiation (k¼ 1.5418 Å).

The microstructure of the as-grown films was investigated

by a Nanoscope IIIa multimode Atomic Force Microscope

(AFM) (Bruker, Santa Barbara, CA) in tapping mode. The

morphological character of the post-annealed films was stud-

ied by HITACHI S-4800 field-emission scanning electron

microscope (FESEM). X-ray photoelectron spectroscopy

(XPS) spectra were acquired with a Kratos Axis UltraDLD
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spectrometer (Shimadzu group company) using a monochro-

matic Al Ka source (1486.6 eV). The C 1s XPS at 284.6 eV

was used for calibration. Infrared ellipsometric measurement

was carried out using an infrared SE (SC503, Shanghai

Sanco, Inc.) in 2.8–6.7 lm wavelength range with a wave-

length interval of 100 nm. The incident angle was set to be

75� during measurement. Ultraviolet-Visible-Near infrared

(UV-VIS-NIR) spectroscopic properties of the as-grown and

post-annealed samples were measured by SE (SC620

Shanghai Sanco, Inc.) in a range of 300–1000 nm. The inci-

dent angle was 60� and 70�, respectively.

For ellipsometric measurements, one can obtain the am-

plitude and phase of the complex reflectance ratio q (¼rP/rS)

for the parallel and perpendicular field components of the

light beam, then the pseudo dielectric function hei of the

sample can be obtained by the equation

hei ¼ sin2 /þ sin2 / tan2 /
ð1� qÞ2

ð1þ qÞ2
; (1)

where / is the angle of incidence. The back surface of amor-

phous Al2O3 substrate was roughened to eliminate the com-

ponent of the beam which was reflected from its backside. A

three-phase model (ambient/MCN/Al2O3) was used to fit hei.
In the infrared range, we adopted a classical mid-infrared

model to characterize the optical constants of the MCN

films. In the UV-VIS-NIR range, we used widely accepted

dispersion function Tauc–Lorentz (TL) model together with

Lorentz model to characterize the dielectric function of the

films.

III. RESULTS AND DISSCUSSION

A. Structural, morphological analysis and cation
distribution

Figure 1 shows the XRD patterns of the as-grown

(Sample SA) and post-annealed (Sample SP) MCN films. The

XRD peaks are indexed by making reference to NiMn2O4

with the JCPDS card No. of 84–0542. Cubic spinel structures

are observed for the two samples. The difference is that it

presents a low crystallization for sample SA, but highly (220)

orientation appears for SP after post annealing process. The

full width half maximum of the (220) peak is about 0.3� for

SP, corresponding to an averaged grain size of �30 nm esti-

mated by Scherrer equation.

Figure 2(a) shows the AFM picture of the as-grown

sample, where tiny grains are presented and densely formed.

The root-mean-square roughness is about 11.5 Å over an

area of 2� 2 lm2. Fig. 2(b) illustrates the surface morphol-

ogy of the post-annealed sample measured by SEM. One can

clearly observe that the grain size of sample SP is much

larger than that of sample SA, indicating better oxidation and

crystalline status for SP. The thickness of the film is esti-

mated to be about 170 nm from the cross section image of

sample SP (Inset of Fig. 2(b)).

Fig. 3 displays the characteristic core-level spectra of

Co 2p, Mn 2p, Ni 2p, and O 1s of the two samples. It is gen-

erally accepted that energy gap between the main lines and

satellite peaks is highly related to the oxidation states of cati-

ons. The XPS spectra of Co 2p consist of two main lines

(2p3/2 at about 780 eV and 2p1/2 at about 796 eV) and two

satellite peaks. According to Ref. 17, a satellite peak located

at �6 eV above the 2p3/2 main line is associated with Co2þ

species while that at �10 eV above the main line is associ-

ated with Co3þ. In Fig. 3(a), two distinguishable satellite

peaks are observed at about 6 eV above the 2p3/2 and 2p1/2

main lines, respectively. It indicates that only Co2þ exists in

the films.17 In Fig. 3(b), the Mn 2p spectrum does not contain

any shake-up feature at higher binding energy, suggesting the

FIG. 1. XRD patterns of the as-grown (SA) and post-annealed (SP) MCN

films.

FIG. 2. AFM picture of the as-grown films deposited at 100 W (a) and SEM

picture of the post annealed films deposited at 100 W (b). Inset: Cross sec-

tion of SEM to measure the thickness of the film SP.
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absence of Mn2þ.18 It has been reported that the binding

energies of Mn3þ and Mn4þ are 641.9 eV and 643.2 eV in

Li-Co-Mn-O compounds.19 The Mn 2p3/2 binding energy

increases from 641.7 eV to 642.0 eV in our study, which

means that the oxidation state of manganese ions increases

after the post annealing process. The XPS spectra for Mn 2p

signals of SA and SP can be deconvoluted after background

subtraction by a fitting process of the Mn 2p signal using a

Gaussian function, where the binding energies and FWHM

values of Mn3þ and Mn4þ are referenced by ZnMn2O4 and

MgNiMnO4 compounds, respectively.20 As shown in Figs.

3(e) and 3(f), the Mn 2p signal is fitted to optimize the inten-

sities of the two peaks belonging to the Mn3þ and Mn4þ oxi-

dation states after a least square procedure. The calculated

Mn4þ/Mn3þ ratios for SA and SP are determined to be

0.52/0.88 and 0.65/0.75, respectively, indicating an increase

in Mn4þ/Mn3þ ratio by 43% after the post-annealing process.

The O 1s spectra show intense peak at about 529–530 eV

accompanied by shoulders at higher binding energies

(Fig. 3(c)). As shown in Fig. 3(d), the most intense peak of

Ni 2p3/2 located at about 855.0 eV is characteristic of Ni2þ

cation. Additionally, the appearance of shake-up feature at

about 862 eV, a finger print of Ni2þ species, confirms the

presence of Ni2þ cations.21

Therefore, we propose a molecule structure for the

MCN thin film according to the oxidation states of the cati-

ons and charge balance relation

½Co2þ�T½Ni2þ0:6Mn3þ
0:8þ2dMn4þ

0:6�2d�OO2�
4�d; (2)

where d is the oxygen content.22,23 The preferred sequence

of cations to occupy an octahedral (O) site is assumed as:

Mn4þ, Ni2þ > Mn3þ > Co2þ, where Ni2þ, Mn3þ, Mn4þ cati-

ons are unfavorable in tetrahedral (T) four-fold coordination.

According to former studies, the as-grown sample is oxygen

lacked by using RF deposition method when the working gas

is pure argon.24 According to the quantitative results from

XPS spectra, we believe that the oxidation status and stoichi-

ometry of the MCN films are improved by the

post-annealing process. This viewpoint can be further con-

vinced by the later results of the infrared optical constants.

B. Infrared optical constants

A classical mid-infrared dispersion relation can be

applied to describe the infrared dielectric function of the

MCN films. A complex dielectric function for N cells per

unit volume is given by25

e1 ¼ e1 �
Nq2

M�e0

s2

1þ x2s2
; (3a)

e2 ¼
Nq2

M�e0

s
xð1þ x2s2Þ ; (3b)

where e1 is the high-frequency dielectric constants, M* is

the reduced mass of cations and anions in a unit cell, q is the

ionic average effective charge, x is the incident infrared fre-

quency, and s is an energy-independent relaxation time.

Meanwhile the optical constants including refractive index n
and extinction coefficient k are determined as follows:

n ¼ ð1=
ffiffiffi
2
p
Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2
1 þ e2

2

q
þ e1

r
; (4a)

k ¼ ð1=
ffiffiffi
2
p
Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2
1 þ e2

2

q
� e1

r
: (4b)

The ellipsometric spectra are analyzed by a three layer

model (Air/MCN film/Al2O3). The optical constants of

Al2O3 in the fitting are taken from Ref. 26. Schematic

structure of the three layer model is shown in the inset of

Fig. 4(a).

Fig. 4 shows the measured and fitted ellipsometric spec-

tra at the incident angle of 75� in the wavelength range of

2.8–6.7 lm, respectively. A best fit is obtained to the experi-

mental data in the entire wavelength range. Fig. 5 shows the

obtained refractive index n and extinction coefficient k. The

refractive index decreases with increasing wavelength, but

the extinction coefficient increases monotonously. The re-

fractive indices of both samples reach their maximum of

about 2.56 at 2.8 lm, and the minimal values are 2.42 and

2.35, respectively, for SA and SP at 6.7 lm. The maximal k
value for the two samples are about 0.045 (SA) and 0.051

(SP) at 6.7 lm. The high frequency dielectric constant e1 is

close to each other for SA and SP. They are 6.72 and 6.77,

respectively. The derived thicknesses are coincident with the

value measured by the SEM cross section picture.

Furthermore, the static charge can be calculated based on the

fitted coefficient Nq2/M*e0. It is an intuitive concept to

FIG. 3. XPS spectra of Co 2p (a), Mn 2p (b), O 1s (c), and Ni (2p) measured

for as-grown and post-annealed samples, respectively. Asterisks denote the

peak positions of satellite. Mn 2p signals of SA (e) and SP (f). 1:

Experimental, 2: Calculated.
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partition the ground state electronic charge into different

atoms. The derived average effective charge of oxygen atoms

is �1.84 6 0.14 for the as-grown sample and �2.23 6 0.07

for the post-annealed one, suggesting that the oxidation status

and stoichiometry has been improved after the post-annealing

process. All parameters of analysis on infrared properties are

summarized in Table I.

C. Dielectric function and optical absorption
properties in UV-VIS-NIR range

To fit the optical properties in UV-VIS-NIR range, we

use widely accepted dispersion function TL model together

with a double Lorentz model.27–29

A double Lorentz dispersion function can be expressed

as

~eðEÞ ¼ e1ðEÞ þ ie2ðEÞ

¼
X2

j¼1

AjBjEnjðE2
nj � E2Þ

ðE2
nj � E2Þ2 þ Bj

2E2

þ i �
X2

j¼1

AjB
2
j EnjE

ðE2
nj � E2Þ2 þ B2

j E2
: (5)

Equation (5) depends on three parameters: The ampli-

tude Aj, the peak transition energy Enj, and broadening term

Bj.

The TL dispersion function can be expressed as

e2ðEÞ ¼
AEnCðE� EgÞ2

ðE2 � E2
nÞ

2 þ C2E2

1

E
ðE > EgÞ

0 ðE 	 EgÞ
;

8>><
>>:

(6)

where Eq. (6) is related to four parameters: The transition

matrix element A, the peak transition energy En, the broaden-

ing term C, and the band gap energy Eg. The real part e1 is

the result of self consistent Kramers–Kronig integration of e2

e1ðEÞ ¼ eof f set þ
2

p
P

ð1
Eg

ne2ðEÞ
n2 � E2

dn ; (7)

where eof f set is an offset component of the dielectric

constant.

By applying a double Lorentz model and a TL model,

we can retrieve the imaginary part (e2) of the dielectric func-

tions of the two samples. Fig. 6 shows the measured and

FIG. 4. Measured and fitted parameters in the range of 1500–3600 cm�1

(2.8–6.7 lm) for SA and SP.

FIG. 5. Measured refractive index n and extinction coefficient k in the wave-

length range of 2.8–6.7 lm.

TABLE I. Fitting values of mid-infrared model for the as-grown and post-

annealed MCN films.

Sample e1
ffiffiffiffiffiffiffiffiffiffi
Nq2

M�e0

vuut
ð�103 cm�1Þ

s(10�14 s) Film

thickness (nm)

As-grown (SA) 6.72 6 0.07 1.41 6 0.11 0.0075 178 6 5

Post-annealed (SP) 6.77 6 0.04 1.71 6 0.05 0.0105 174 6 3

FIG. 6. Measured (dotted line) and fitted (straight line) ellipsometric spectra

W and D of MCN films at the incident angles of 60�, 70� (a) sample SA, (b)

sample SP.
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fitted spectra at the incident angle of 60�, 70� in

300 nm–1000 nm wavelength range. For clarity, only one out

of every four measured data points is shown. An excellent

agreement is achieved between the experimental and fitted

spectra for the two samples in the entire range. All fitted pa-

rameters are shown in Table II.

Fig. 7 shows the obtained imaginary part of the dielec-

tric constants of sample SA and SP in UV-VIS-NIR range.

Three absorption structures are observed located at about

1.7 eV, 2.4–2.6 eV, and 3.5–4.0 eV, respectively. The absorp-

tion mechanism is complex in spinel materials. The main

origination is crystal field (CF) d-d or intraelectronic transi-

tions, charge-transfer (CT) transitions, or metal-metal inter-

valence transitions.30,31 Our results can be interpreted in

terms of the CT transitions involving 2p electrons of oxygen

ions and 3d electrons of Mn and Co ions. According to the

results of XPS and infrared optical constants, the oxidation

status of Mn ions has been changed after the post-annealing

process. Furthermore, the CT transition energy for Mn4þ is

lower than that of Mn3þ, due to higher binding energy

caused by stronger Coulomb attraction between Mn4þ cation

and the d electrons.30,32 The increase of Mn4þ concentration

enhances the absorption peak at �1.7 eV apparently, but

reduces that at around 3.5–4.0 eV. In terms of the absorption

structure of CT transition at about 1.9 eV from O2� (2p) to

Mn4þ (3d) in LiNixMn2�xO4 films,30 we attribute the

structure at 1.7 eV to the CT transition involving O2� (2p)

and Mn4þ (3d) ions. Then, the absorption at 3.5–4.0 eV is

mainly attributed to the CT transition of O2� (2p)–Mn3þ

(3d). Finally, the absorption structure at 2.4–2.6 eV can be

interpreted as being due to O2� (2p) to Co2þ (3d) transition,

according to the optical absorption structure in Co3O4.31

IV. CONCLUSION

We have prepared MCN films on alumina substrate with

cubic spinel structures by RF sputtering deposition method.

Cation distribution in the MCN films has been estimated

based on the XPS results. Both Mn3þ and Mn4þ are found to

be existed and the Mn4þ/Mn3þ ratio increases after the post

annealing process. The optical constants of MCN sample are

affected by oxidation states of the MCN sample. The average

effective charge has been obtained based on infrared optical

constants, which convinces the improvement in stoichiometry

due to post-annealing process. Broad absorption peaks located

at 1.7 eV and 3.5–4.0 eV are believed to be mainly owing to

the transitions of O2� to Mn4þ and Mn3þ, respectively.

Absorption peaks at 2.4–2.6 eV is believed to be the transition

of O2� to Co2þ. Our results are helpful to understand the

mechanism of its optical absorption process, as well as the de-

velopment of optoelectronic device based on MCN films.
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