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Effect of cation ratio on structural and electrical properties of
Mn, Co, Ni, O, thin films
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Abstract; Thin films of Mn-Co-Ni-O (MCNO) with different cation ratios were deposited by the magnetron sput-
tering method. By analyzing the material structure, it can be found that the grain size grows gradually with increas-
ing Co cation number with constant Mn cation number, while the lattice parameter grows first and then decreases.
The preferential orientation of thin films changes from (311) plane to (400) plane with increasing Mn cation num-
ber and the properties of thin films are unstable when the Co cation number is constant. The electrical properties
show that both of Mn cations and Co cations participate in the conductivity, and Mn, ,Co, ;Ni, ,O, has the lowest

resistivity (235 € - cm) as well as the highest negative temperature coefficient of resistance ( NTCR) | s |

(4.7% - K') at room temperature.
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Introduction

Mn-Co-Ni-O ( MCNO) materials belong to AB,O,
cubic spinel structure. They have excellent negative re-
sistance temperature characteristic which is extensively
used as uncooled infrared detector and surge protection
devices'"?!. Compared with bulk materials, MCNO thin
films deposited by the magnetron sputtering method have
fewer defects and more excellent electrical perform-
ance’®’. Lots of studies about MCNO thin films have
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been conducted and the polaron hopping theory has been
extensively accepted—the hopping of electrons from
Mn’* to Mn** in octahedron is considered to be the rea-
son of conductivity**’. Most of the researches focused
on the effect of Mn cation, but few studied about the
effects of Co cation and Ni cation®”’. R. Schmid point-
ed out that the cation distribution in cubic NiMn,O,,;
spinel structure can affect the number of Mn’*/Mn*”
cation pair'*’. R.D. Shannon pointed out that the chem-
ical composition regulates the charge carrier number at

high temperature'®’. However, the effects on conduction
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of MCNO thin films for Mn, Co, and Ni cations are still
unclear. In this paper, we invested the effect on struc-
tural and electrical properties of MCNO films by changing
the number ratio of Mn, Co and Ni cations which will fa-
cilitate finding out the best number ratio for MCNO thin
films with as low resistivity as possible and also will im-
prove the properties of uncooled infrared detector made of

MCNO thin films.
1 Experimental

Mn, Co Ni; O, thin films were grown on substrate
by sputtering deposition (LAB Line SPUTTER 5 magne-
tron, Kurt J. Lesker Company). The sputter target size
was ®100 mm. The substrate was amorphous Al, O, slice
with the thickness 200 pm and the dimension is 20 x 20
mm’. High purity ( >99.99% ) argon gas was ventila-
ted with 7 SCCM volume flow when the vacuum pressure
was 9 x 10® Torr. The sputtering power was 50 W and
the substrate temperature was room temperature with 5 1/
min rotate speed to ensure the uniformity of sputtering
thin films. The sputtering time of 10 hours was used to a-
chieve a thickness (725 +20) nm. The final ion ratios
of thin films are (x, y) =(2,0.7), (1.5, 1), (1.2,
0.7), (1.2, 1.2), (1.2, 1.5), (1, 2), (0, 2),
(2,0).

The deposited MCNO thin films were annealed un-
der 750°C in air for 15 minutes, and then cooled to room
temperature without control. XRD diffraction (XRD, D8
Advance) was conducted on annealed thin films and the
surface morphology was observed by high resolution field
emission scanning electron microscopy (SEM, FEI Sirion
200). The voltage-current curve of the samples was
measured by a Keithley 2400 source meter at variable
temperature controlled with a Lakeshore 330 system. The
temperature range was from 180 K to 320 K.

2 Results and discussion

2.1 Structure

Figure 1 shows the XRD patterns of the MCNO
films. It can be seen that the diffraction peaks are mainly
corresponding to (311), (400), (222), (220),
(511), (111), (440) lattice planes, which means that
all these films are cubic spinel structure'®’. The (400)
peak is the strongest for the films (x, y) = (1.5, 1)
and (1,2). The (311) peak is the strongest for the rest
ones. It means that the preferential growth direction is
(400) lattice plane for Mn, 5 Co,Ni, s O, and MnCo,0,
thin films, while the preferential growth direction is
(311) lattice plane for the rest samples. The preferential
growth direction is related with the lowest surface energy.
It means that the lowest surface energy for Mn, ;Co, Ni, 5
0, and MnCo, O, thin films is (400) lattice plane while
the lowest surface energy for the rest samples is (311)
lattice plane. When x = 1.2 ( Mn cation number is in-
variable ) , both of (111) peak and (222) peak decrease
gradually with increasing Co cations ( Co’"/Co’" ),
however, the (400) peak increases with growing Co cat-
ions. For (311) peak, the full width at half maximum
(FWHM) decreases with growing Co cations. When y =
0.7, the FWHM is 0.4°; wheny = 1.2, the FWHM is

0.32°; when y = 1.5, the FWHM is 0. 18°. The grain
size can be calculated to be 30 nm, 38 nm, 67 nm, re-
spectively, which basically coincides with the grain size
shown in Fig. 2. It illustrates that the grain size increa-
ses with growing Co cation number and invariable Mn
cation number.

Fig.1 XRD patterns of Mn Co Ni, O, thin films
K1 Mn,CoNiy, O, WA XRD 75 5]

Fig.2 SEM micrographs of (a) Mn,,Co,,Ni, , O,,
(b) Mn, ,Co, ,Ni; (O,, (¢) Mn, ,Co, ;Ni,;O,. Inset:
the numbers show the thicknesses of the MCNO film.
The substrate is Al, O, slice

K2 SEM [®1% (a) Mn,,Co,,Ni,,O,, (b)Mn,,
Co, ,Niy0,,(¢) Mn,,Co, ;Niy;O,. f7 L Ff#hi KI4rTE
LR KN ALO, Jr

The (311) peak of MnCo,0,(x =1, y =2) thin
films will weaken while the (400) peak will be strength-
en compared with NiCo,0,(x =0, y =2) thin films. It
means that the preferential growth direction changes from
(311) lattice planes to (400) lattice planes with growing
Mn cation number and invariable Co cation number, and
the trend also appears between Mn, Co, ,Ni, ;0,(x = 2,
y = 0.7) and Mn, ,Co, ,Ni, ;0,(x = 1.2,y =0.7)
thin films (Fig. 1). Tt illustrates that the surface energy
of (400) lattice planes decreases with more and more Mn
cations, but it increases for (311) lattice planes con-
versely. According to Fig. 3, the binding energy of Mn
2p peak becomes small for Mn,Co,, Nij; O, thin film
compared with Mn, ,Co, ,Ni, ; O, thin film and there are

more Mn’" and Mn’* cations (Table 1) for Mn,Co, ,
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Ni, 50, thin film. However, the binding energy of Co 2p
peak becomes bigger conversely and there are more Co’*
cations for Mn,Co, ,Ni, ; O, thin film. It can be conclu-
ded that Mn’* and Mn’* cations mainly locate on the
(400) lattice planes and the increasing of Mn** and
Mn’* numbers lowers the surface energy, while Co’*
cation mainly locate on the (311) lattice planes and the
increasing of Co’ " number enlarges the surface energy.

Fig.3  XPS fitting of Mn 2p,,, and Co2p,,, signals of
Mn, Co, ;Ni, ;0,, Mn, ,Co,;Ni, , O,, Mn, ,Co, sNi, ; 0,

thin films
3 Mn,Co, ;Niy;0,, Mn, ,Co,,Ni;,;0,, Mn,,Co, ;

Nio,304 Eﬂﬁ E/‘J XPS IJE%EF' Mn 2P3/2 *ﬂ C02p3/2 ﬂl%fu%

Table 1 The proportion of Mn** Mn'* Mn** cations as
well as the proportion of Co’** . Co’* cations for
Mn, Co, , Ni, ; O;, Mn,, Co,;Ni,, O,, Mn,, Co, 5
Ni, ; O, thin films
%1 Mn,Co,,Ni,;0,, Mn,, Co,,Ni,, 0, Mn,, Co, ;Ni,,
O,,#fErh Mo’ Mn’* Mn'"" BFHLBIELRER
Co** .Co’* BFHLLBIXF

Mn?* Mn?* Mn** Co%* Co3*
Mn,Coq_;Nig 30, 21% 57% 2% 25% 75%
Mn, ,Coq ,Ni; 10, 10% 49% 41% 68% 2%
Mn, ,Co; sNig 30, 4% 62% 34% 43% 57%

2.2 Electrical properties

Figure 4 shows that the order of resistivity value for
NiMn,O,, MnCo,0,, NiCo,0, thin films is pyyoos >
Princozos > Pricos- Jing Wu proposed that the electron
hopping between Mn** and Mn®* cations in octahedron is
responsible for the conductive mechanism of NiMn,O,
thin film'"'. For NiCo,0, thin film, the conductive
mechanism is not very clear. Lin-Feng Hu thought that it
is the excitation of electrons between the high-spin and
low-spin states of Co’* in octahedron which can be de-
scribed by the nearest-neighbor hopping ( NNH) model
and variable-range hopping ( VRH) model, and the
NNH will become more prominent with increasing tem-

perature''"). The resistivity of NiCo,0, thin film is the

minimum among the three samples which means that the
charge carrier produced by Co cations are more than
those produced by Mn cations. This may results from the
disparity of capability for Co and Mn cations to occupy
the octahedron or from the interaction among cations.
However, the resistivity of MnCo, O, thin film lies in be-
tween due to the coexistence of Mn and Co cation con-
ductive mechanisms.

Fig.4 Curves of In(p) VS. Temperature
4 In(p) VS. Temperature &%

From Fig. 4, we can also get some points as fol-
lows. (1) When the Mn cation content is invariable
(Mn, ,Co, ,Ni; ;O,, Mn, ,Co, ,Ni; sO,, Mn, ,Co, sNi,,
0,, x=1.2), the MCNO film resistivity decreases with
increasing Co cation content above 220 K. Firstly, it ac-
counts for the augment of the number of Mn’*, Mn*"
and Co’* cations (Fig. 3 and Table 1) which result in
the conduction of the MCNO film. Secondly, the increas-
ing of Co cations can enlarge the grain size (Fig. 2) and
it will reduce the specific surface area of the grain bound-
ary and bring about a reduced electron scattering. (2)
When the Co cation content is invariable (Mn,Co, ,Ni, ;
0,, Mn,, Coy,,Ni,,0,, y =0.7), the resistivity of
Mn, Co, ;Ni, ;0, (x =2) thin film is always lower than
that of Mn, ,Co, ;Ni, ;0,(x =1.2) thin film. It mainly
due to the increased Co’* cations and Mn’" cations
(Fig. 3 and Table 1) which will produce more pola
rons'?). (3) When the total content of Mn and Co cat-
ions is invariable, such as Mn,Co,, Ni,; O, (x +y =
2.7) and Mn,,Co, sNiy; 0, (x +y =2.7) thin films,
the resistivity will be lower for MCNO thin film with high-
er Co content. The total content of Mn and Co cations for
Mn, sCo,Niy ;0,(x +y=2.5) and Mn, ,Co, ,Ni; (O, (x
+y =2.4) thin films can be considered as approximately
equal with each other. It shows that the Mn, ,Co, ,Ni, ¢
O, thin film has a low resistivity. The same rule is appro-
priate for NiCo,0,(x +y =2) and NiMn,O, (x +y =2)
thin films, whose total content of Mn and Co cations are
equal with each other. In Table 1, even though the ratio
of Co’* cation becomes small, it can be calculated that
the total Co’* cation number enlarges. Also both of
Mn’* and Mn*" cation ratios increase. So the resistivity
will be lower for MCNO thin film with high Co content
when the total content of Mn and Co cations is invaria-

ble.

The negative temperature coefficient of resistance
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(TCR) of MCNO thin films can be expressed as:

a = dR/RdAT , (1)
with 295 K as room temperature. Figure 5 is deduced
from Fig. 4 at 295 K. It shows the changes of resistivity
and TCR at room temperature (p,o5 and |anes 1) for film
samples. From Fig. 5, it can be seen that at small resis-
tivity range ( <1000 Q + e¢m), the Mn, , Co, sNi, ;0,
thin film has the lowest resistivity (235 () + ¢cm) and the
highest | ays | value (4. 7% - K'). Although the
Mn, Co, ;Ni, ;0, thin film has low resistivity (400 Q -
em) , the lays | value (2.6% - K") is still low. It also
shows in Fig. 5 that when Mn cation number is invaria-
ble (x = 1.2), the change trends of resistivity and TCR
are opposite with decreased Co cation number. When the
total content of Mn and Co cations is almost invariable
(Mn, Coy ; Nig 3 O, and Mn, , Co, 5 Nig 5 O,, Mn,, Co,,
Ni, ;0, and Mn, ; Co,Niy 5 O,, Mn,, Co,,Ni, , O, and
NiCo,0,), the | oy | value is reduced with decreased
Co cation number.

5.0 n
Mn,,Co; sNiy304
o Ry NiC0,04
45F
o N “May;Co12NiosOs
::g 401 S
<
5 35 \orNinsOs
Mn; 2Coo7Ni; 104
3.0F
Mn,CopNio304
(]
25F
L L

100 200 300 400 500 600 700 800 900 1000
Paos/(€2-cm)

Fig.5 Graphic of lays| VS pags
FIS T | VS pysll

The polaron hopping conductions for Mn and Co
cations can be described by NNH model and VRH mod-
el, and their expressions can be deduced as below'"”’ ;

p(T) = CTexp(T/T) , (2)
where C is a constant and T is a characteristic tempera-
ture of the thin film. For a =p =1, it is the NNH model,
and In (p/T) has a linear relation with 1/7. For a =2p,
it is the VRH model. According to the shapes of local
density of states (LDOS), the VRH model can be sepa-
rated into two models: uniform distribution for LDOS
near Fermi level (p =0.25) and parabolic distribution
for LDOS near Fermi level (p =0.5)"). There are
linear relations for In (p/T) vs 1/T, In(p/T) vs 1/7°°
and In(p/T) vs 1/T"% separately for corresponding con-
duction model and the T, value can be calculated as
shown in Fig. 6. The T, in Fig. 6 is the cut-off point for
the NNH model and the VRH model, and is also the cut-
off point for different activation energies. The T, values
are largely in 200 ~ 220 K except for NiMn, 0, (245 K)
and MnCo,0, (235 K). The T, values are different on
both sides of T..

Figure 6 shows that, for Mn, ,Co,,Ni, ,0,, Mn,,

Co, ,Ni; (O, and Mn, ,Co, 5Ni, ;0, thin films whose Mn

cations are invariable, the T, value will augment gradual-
ly with increasing Co cations in either NNH model or
VRH model. It can be concluded that the conductivity
activation energy of Co cation is larger than that of Mn
cation for MCNO thin films. This is further confirmed by
the fact that the T, value of NiCo,O, thin film is higher

than that of NiMn, O, thin film.

Fig.6 T, and T, values ofyn Co Ni; O, thin films. (a)
Mn, ,Co,,Ni, ,0,, (b) Mn,,Co,,Ni,;O,, (¢) Mn,,Co, ;
Ni, ,;0,, (d) NiCo,0,, (e) NiMn,O,, (f) MnCo,O, ( The
solid triangles correspond to p = 1. The solid squares corre-
spond to p =0.5, The empty squares correspond to p =0.25)
6 Mn,Co, Ni, O, #RER T A1 T,{8 (a) Mn, ,Co,,Ni,
0,, (b) Mn,,Co,,Ni;(O,, (¢) Mn,,Co, 5Ni,;0,, (d)
NiCo,0,, (e) NiMn,O,, (f) MnCo,O, ( Z£.0r = XN p =
L SL0JrEXRL p =0.5, B I IEXTI p =0.25)

3 Conclusion

In summary, we prepared MCNO thin films with dif-
ferent cation ratios by the magnetron sputtering method
and studied the structural and electrical properties. It
can be found that the grain size increases first, and then
decreases with growing Co cation number and invariable
Mn cation number. The study of electrical properties
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shows that both of Mn cation and Co cation contribute to
MCNO thin film conductivity, and the charge carriers
produced by Co cations are more than those produced by
Mn cations. The conductivity activation energy of Co cat-
ion is larger than that of Mn cation for MCNO thin films.
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