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Abstract: The spinel oxide Zn Ni, ,Mn,O, (ZNMO, x=0, 0.05, 0.1, 0.15, 0.2, 0.25) films have been grown
on Pt/Ti/Si0O,/Si substrate by chemical solution deposition (CSD) method. The crystallization and microstructural
features of ZNMO films are studied by x-ray diffraction (XRD) and field-emission scanning electron microscopy
(FESEM) analysis, respectively. The results show that the structural property of ZNMO films is affected by Zn
concentration. The optical constants of ZNMO films have been analyzed by spectroscopic ellipsometry measure-
ments in the wavelength range of 300-1 100 nm. The changes of the refractive index n and extinction coefficient k
caused by Zn substituting are discussed. The A,, and F,, modes have been observed in Raman spectra. The relative
intensity of the A,, mode decreases with increasing Zn concentration. The Raman peak positions shift slightly with

Zn concentration x, which might result from lattice strain and lattice mismatch.
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general formula AB,0, has been one of the most impor-
Introduction tant thermistor materials because of the excellent negative

) ) temperature coefficients (NTC) "™/, For normal spinel
In the past decades, the NiMn,O, system with the
Received date: 2016- 03- 25, revised date: 2016- 09- 28 I #5 B H#A:2016- 03- 25, &6 HEE.2016- 09- 28

Foundation items : Supported by National Natural Science Foundation of China(61275111, 11304336) , Shanghai Project (15ZR1445700)
Biography : WANG Wan-Sheng(1990-) , male, Henan China, Master. Research area involves the structural,, optical and electrical Properties of Mn-Co (Zn) -
Ni-O Films. E-mail ; wangwsh@ shanghaitech. edu. c¢n

* Corresponding author : E-mail: hyun@ mail. sitp. ac. cn



WANG Wan-Sheng et al:The structural and optical properties of Zn Ni,_, Mn,0,

6 1]

films grown on Pt/Ti/Si0,/Si substrate

677

structure [ A ][ B,]°"0,, the tetrahedral sites are occu-
pied by A ions and octahedral sites are occupied by B i-
ons. However, for NiMn,O,, the spinel structure has
been observed as “intermediate” ( partially inverse )
whose formula is given by [ B,A,-v]"“ [ A B,-v]™0,,
where v is the inversion parameter and its value is be-
tween 0 and 1 °®/. For the inverse spinel (v=1), B i-
ons occupy the tetrahedral sites entirely, both A and B i-
ons are located at the octahedral sites. The material
properties are closely linked with the variant cations in
the tetrahedral and octahedral sites >/, Owing to the
effects of cation distribution on the physical properties,
substituting A or B ions by other elements is an effective
method to induce significant variation of the structural,
electrical, magnetic and optical properties of the materi-
als'”"). Recently some researches indicated that substi-
tution of nickel ions by zinc ions can improve the electri-
cal stability effectively and have low resistivity in some
particular compositions for the Zn-Ni-Mn-O system mate-
rials' ") Although some physical properties of Zn-Ni-
Mn-O ternary spinel system have been widely studied,
the ceramic samples are normally fabricated from powders
by high temperature sintering method and few studies a-
bout the performance of Zn-Ni-Mn-O films have been re-
ported "' The film of materials have high density and
stability due to low porosity, which can be used for the
thermal device with the modern integrated technology''’.
Furthermore, the optical properties of the Zn-Ni-Mn-O
system film can be well investigated, which is very im-
portant in the application of thermistor materials and op-
toelectronic devices'’.

In our research, the Zn Ni, Mn,0,(ZNMO) (x =
0,0.05,0.1,0.15, 0.2, 0.25) films were fabricated
by chemical solution deposition (CSD) method. The op-
tical constants were analyzed by spectroscopic ellipsome-
try (SE) spectra. A four layer model (air/rough layer/
ZNMO/Pt) has been used to fit the experimental data
and the ZNMO films are represented by the double Tauc-
Lorentz ( DTL) oscillators. Variations of the optical
properties and the Raman spectra of the ZNMO films
were investigated in detail.

1 Experimental

The ZNMO (x =0, 0.05, 0.1, 0.15, 0.2, 0.25)
films were prepared on Pt(111)/Ti/Si0,/Si substrate by
CSD method. The original materials were zinc acetate,
nickel acetate and manganese acetate. The acetates were
dissolved into glacial acetic acid with the atom ratios of
Zn;Ni;Mn :0:1 ;2, 0050952, O 1 ;0.9:2, 0 15
0.85:2,0.2:0.8:2 and 0.25:0.75:2. Then the mix-
tures were filtered through 0.2 wm syringe filters to re-
move the dust and impurities. The solutions were green
and transparent. The films were deposited on Pt(111)/
Ti/Si0,/Si substrate by spin coating at 4000 rpm for 20
s. After coating each layer, the wet films were dried at
250 °C to remove residual organic, followed by annealing
at 750 °C. The deposition and heat-treatment procedure
were then repeated for fifty times to obtain the film with a
desired thickness.

The phase analysis of the films was identified by x-

ray diffraction ( XRD) using a Rigaku D/MAX-2550 x-
ray diffractometer at room temperature ( RT). The sur-
face morphology was observed by FEI ( Sirion 200) field-
emission scanning electron microscopy ( FESEM). The
optical properties were investigated in the wavelength
range of 300 ~ 1100 nm under the incident angle of 60°
by ultraviolet-near-infrared SE (SC620 by Shanghai San-
co, Inc. ). The RT micro-Raman scattering experiments
were performed in a qusai-backscaltering geometry using
the 514.5 nm line of an Ar-ion laser and the scattering
signal was collected by Tri-Vista Triple Raman Spectros-
copy equipped with a liquid-nitrogen cooled charge cou-
pled device detector.

Fig.1 XRD patterns of the ZNMO (x=0, 0.05, 0.1, 0.15,
0.2 and 0.25) films

K1 ZNMO (x=0,0.05,0.1,0.15, 0.2, 0.25) HifE#H
XRD i

2 Results and discussion

Figure 1 shows the XRD patterns of the ZNMO (x =
0,0.05,0.1, 0.15, 0.2, 0.25) films deposited on
Pt/Ti/Si0,/Si substrate by CSD method. The diffraction
positions are confirmed by the JCPDS data cards No. 84-
0542 for NiMn,O,. The intensities of (111), (222)
and (511) peaks increase with the decrease of Zn con-
centration, which is due to the crystal growth and im-
provement of crystallization. In addition, NiMn,0, (x =
0) has the best crystallization compared with the films
doped by zinc element and all the samples have (111)
highly preferred orientation. The lattice constant a of the
ZNMO (x=0,0.05,0.1,0.15, 0.2, 0.25) films are
8.34, 8.35, 8.36, 8.32, 8.34, 8.30A, respectively.
It can be seen that the lattice constant increases when the
Zn concentration increases from 0 to 0. 1. The substitu-
tion of Zn for Ni in NiMn,0, expands the spinel lattice,
which is explained by the larger ionic radius of Zn>* (0.
58 A) as compared with ionic radius of Ni** (0.565 A).
As the Zn concentration x is up to 0. 15, the values of
the lattice constant do not increase with increasing Zn
concentration. The phenomenon has also been observed
in Zn-Ni-Mn-O ceramic materials, which can be ex-
plained by the change of cation distribution in the tetra-
hedral and octahedral sites ''™*). Tt was reported that all
Zn’" ions occupy the tetrahedral sites in the spinel struc-
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ture " *). When the Zn’* concentration x is close to or
greater than 1-v (v is in the range of 0. 87 to 0. 8 with
temperature increasing from 115 K to RT °®) | the cat-
ion reconfiguration between the tetrahedral and octahe-
dral sites arises in a great degree, which is not enough to
generate the tetragonal spinel phase. All the samples of
Zn Ni, Mn,0,(x =0, 0.05, 0.1, 0.15, 0.2, 0.25)

films show the pure cubic spinel structure.

Fig.2 (a)-(f) FESEM images of the ZNMO films for x =
0,0.05,0.1,0.15, 0.2 and 0. 25, respectively

K2 (a)-(f) 43r%|h ZNMO (x=0, 0.05, 0.1, 0. 15,
0.2, 0.25) #EAY FESEM ¥ F

The FESEM images of the ZNMO films, re shown in
Figs.2(a)-(f) for x =0, 0.05, 0.1, 0.15, 0.2 and
0.25, respectively. It is clear that the grain size of
NiMn,O, (x =0) 1is larger than that of Zn-substituted
samples which have more grain boundaries. There is no
obvious variation among the surfaces of the Zn-substituted
samples and they have similar surface morphology. The
observation of surface roughness by the FESEM images is
essential for the analysis of SE spectra.

The air/rough layer/ZNMO/Pt model has been used
to analyze the SE spectra. The rough layer is described
in terms of Bruggeman Effective Medium Approximation
(EMA) and the dielectric function of the serial films is
represented by the DTL dispersion'” ™. The refractive
index n and extinction coefficient k are obtained from the

following equation ;
A/A/g?+8§+81 , (1)
k= Jer + e - e . (2)

The real part &, is calculated by kramers-kroning in-
tegration ;

ée, (E)

52 _ E2 df ’ (3)
p represents the Cauchy principal part of the integral and
&, 1s the high frequency dielectric constant.

2 o«
& =&, +*PJ
m JE,

The imaginary part g, can be described by the DTL

dispersion formula;
i AEC(E - Egi>2 1
S(E -E) +CE E
0 E<E,

E>Eg

gz(E) = (4)

The equation contains four parameters; transition
matrix element A;, peak transition energy E, , broade-
ning term C; and band gap E ;.

Fig.3 (a)-(f) The experimental ( triangles) and fitted ( solid
lines) ellipsometric spectra tan¥ and cosA of the ZNMO films at
the incident angle 60° for x =0, 0.05, 0.1, 0.15, 0.2 and 0.
25, respectively

K3 (a)-(f) 435k x=0,0.05,0.1,0.15, 0.2, 0.25,
NS 60 ° i ZNMO JH [ (Y9 # fi J't 1% tan® il cosA Y 52
BAE(=MIE) SIAE(54)

Table 1 The measured-thickness and parts of parameters
values of DTL model for the ZNMO films
F1 ZNMO EEHNEEE S5 DTL B WS HIE
Sample (x) 0 0.05 0.1 0.15 0.20 0.25
Measured-thickness /nm 950 1 040 1 050 1020 1040 977
Fitted-thickness /nm  951.3  1039.8 1058.3 1012.7 1034.2 982.8
Roughness /nm 42.8 38.7 39.6 25.4 35.5 24.8
£/ (%) 15.5 12.9 17.5 21.8 18.6 22
Ey/eV 2.32 2.35 2.47 2.25 2.64 2.84

The experimental data has been fitted by the air/
rough layer/ZNMO/Pt model, the measured-thickness
and part of parameters values of DTL model for the ZN-
MO (x=0, 0.05, 0.1, 0.15, 0.2, 0.25) films are
shown in Table 1. The measured-thicknesses were ob-
tained by FESEM for comparison. The fitted-thicknesses
are in reasonable agreement with the measured-thicknes-
ses. Figures 3(a)-(f) shows the experimental and fitted
data tanW and cosA of the ZNMO films at the incident
angle 60° in the wavelength range of 300 ~ 1100 nm for x
=0, 0.05,0.1, 0.15, 0.2, 0.25, respectively. It can
be seen that the model-based calculations fit quite well
with the measured spectra for all the samples. The re-
fractive index n and extinction coefficient k of the ZNMO
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(x=0,0.05,0.1, 0.15, 0.2, 0.25) films are shown
in Fig. 4.

Fig.4 The Refractive index n and extinction coefficient x of
the ZNMO (x =0, 0.05, 0.1, 0.15, 0.2, 0.25) films

4 ZNMO (x=0,0.05, 0.1, 0.15, 0.2, 0.25) HJEK
P2 n HHERE «

It is well known that crystallinity, electronic band
structure and lattice defect are important parameters,
which can influence the optical constants. Owning to Zn
substituting, the electronic band structure is affected and
thus can further influence the optical responses of ZNMO
films'™* **). As shown in Fig. 4, the refractive index n
increases with increasing Zn concentration from 0. 05 to
0.25 in the wavelength range of 300 ~440 nm. Besides
the effect of electronic band, crystallinity is also a crucial
parameter. That is why the refractive index of NiMn,O,
(x=0) is the largest among all the samples in the wave-
length range of 510 ~1 100 nm'*?’. The thicknesses of
the films also make a difference in the refractive in-
dex'?). All the factors mentioned above result in that the
refractive index changes erratically with increasing Zn
concentration in the wavelength range of 300-1 100 nm.
For the extinction coefficient k, the peaks in curves of
the samples (x =0, 0.05, 0.1, 0.15 and 0.2) indicate
strong optical absorption, which might be resulted from
electronic transition. The values of peak transition energy
E,, evaluated by DTL model are shown in Table 1. In the
wavelength range of 500 ~900 nm, the extinction coeffi-
cient k decreases with increasing Zn concentration except
x =0.2. The extinction coefficient is near zero and all
the films are almost transparent in the wavelength range
0f 900 ~1 100 nm.

Fig. 5 shows the Raman spectra of the ZNMO (x =

Fig.5 The Raman spectra of the ZNMO (x =0, 0.05,
0.1, 0.15, 0.2 and 0.25) films

K5 ZNMO (x=0,0.05,0.1,0.15, 0.2, 0.25) 3k
R IS

0,0.05,0.1, 0.15, 0.2, 0.25) films performed at
room temperature. The Raman bands near the 643 ¢m™
and 513 ¢cm™ are assigned as the A,, and F,, modes, re-
spectively. The A, mode attributes to the symmetric
Mn®* -0 stretching vibration in the MnO, bonding, and

the F,, mode is from the symmetric Mn**-O bending vi-

bration "*). As the Zn concentration increases, the

relative intensity of the A, mode decreases, while the
relative intensity of the F,, mode does not change. This

means that the concentration of Mn’* decreases, while
the concentration of Mn** remains unchanged. The Ra-
man peaks of the Zn-substituted samples shift towards
high frequency compared with the NiMn,0,(x =0) film.
The peaks of ZNMO films shift slightly when the Zn con-
centration increases from 0. 05 to 0. 25. This might be
caused by the change of stress which is compromise of in-
teraction among the lattice strain owing to Zn substitu-
ting, lattice mismatch and the differences in the film
thickness'”' !, The investigations of the Raman spectra
prove that cation configuration and lattice deformation are
related to the Zn concentration.

3 Conclusion

In summary, the structural and optical properties of
the ZNMO (x =0, 0.05, 0.1, 0.15, 0.2, 0.25) films
on Pt/Ti/Si0,/Si substrate by CSD method have been
discussed. The microstructure of ZNMO films is exam-
ined by x-ray diffraction and FESEM. The intensities of
XRD peaks of the ZNMO films decrease with increasing
Zn concentration, and the samples have similar surface
morphology. The optical constants (n, «) of ZNMO
films with different Zn concentration have been investiga-
ted by spectroscopic ellipsometric in the wavelength
range of 300 ~ 1100 nm. As the Zn concentration increa-
ses, the refractive index n of the samples changes errati-
cally due to the effects of electronic band structure, crys-
tallinity and thickness. The extinction coefficient k of
ZNMO films (except x =0.2) decreases with increasing
Zn concentration in wavelength range of 510 ~ 900 nm.
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The effect of cation configuration and lattice strain caused
by Zn substituting has been observed on the Raman spec-
tra. Our studies indicate that the structural and optical
properties of ZNMO films have close relationship with the
Zn concentration, which might have potential application
in optoelectronic devices.
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