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Abstract

Ni,Mn;3_,Oy4 s are ceramic materials with a spinel structure exhibiting a negative temperature coefficient of resistivity (NTCR).
This inherent property makes this class of material ideally suited for temperature sensing applications. Films of Ni,Mn;_, 0,4 s were
deposited on oxide coated < 100> silicon (SiO,), using rf magnetron sputtering in an oxygen/argon atmosphere with different oxygen
partial pressures (0.3, 1, 2.5, 5, 7.5, 10, 12.5, 15 percent oxygen). A first set of films were annealed in air at 800 °C for 1 h and
quenched to room temperature. A second set of films were annealed in an atmosphere similar to that used during deposition
(oxygen/argon), at 800 °C for 1 h and quench cooled to room temperature. The resistance versus temperature as measurements were
done from room temperature up to 200 °C and the data fitted to a variable range hopping model where the resistivity can be
expressed as poTexp(Ty/T). The characteristic temperature Ty, (range ~1.9x10°-2.42x10% K) of the films was not noticeably
different from the target material, with exception of the films deposited at low oxygen partial pressure, which showed higher values
of Ty (~3.1x10% K). The resistivity of the as-deposited films was dependent on the oxygen percentage in the ambient during
sputtering, such that the resistance decreased with increasing oxygen. On annealing independent of the ambient, the resistivity of
the films decreased considerably (~300 ohm cm). The films produced in ambients with higher oxygen had a resistivity in the

as-deposited state similar to that of the annealed films and showed least variation on annealing.
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1. Introduction

Spinel structured Ni,Mn;_, 04+ 5 (0.4<x<1) exhibits
an exponential dependence of resistance on tempera-
ture, where the resistance of the material decreases with
increasing temperature.! This negative temperature
coefficient (NTCR) property makes it suitable to be
used as temperature sensors (thermistor). The spinel
structure is based on oxygen atoms forming a fcc struc-
ture containing tetrahedral and octahedral lattice sites.?
The electrical charge transport in this material is
believed to be by hopping of electrons between Mn3*
and Mn*" ions present in the octahedral sites in the
lattice.> Hence the resistivity (p) of the material is
dependent on the ratio of the manganese ions in the
octahedral sites and can be expressed as*

> To\"
o = poTPexp T (1)

* Corresponding author.
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where p is a constant, Ty is the characteristic tempera-
ture of the material and p is a constant, which is
dependent on the initial assumption about the distri-
bution of density of states around the Fermi level made
in the electron hopping model. In this case p=0.5
following the variable range hopping model developed
by Shklovskii and Efros,> assuming the distribution of
LDOS to be parabolic as demonstrated by Basu et al.®
using scanning tunnelling spectroscopic measurements.
In this study, thin films of the material were deposited
using rf magnetron sputtering at various argon/oxygen
ambients, followed by annealing at 800 °C in different
environments. The resistance of the films was measured
as a function of temperature for both as-deposited and
annealed films and the effect of the different growth
conditions and annealing discussed.

2. Experimental
The films (~600 nm) were produced on thermally

grown oxide on <100> silicon substrate, using a cus-
tom built rf magnetron sputtering system at various
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Fig. 1. R-T data fitted to the Shklovskii and Efros model of film deposited at 5% (a) as-deposited, (b) annealed in air and (c) annealed in nominally

the same ambient as during sputtering.

argon/oxygen ambients (oxygen=0.3, 1, 2.5, 5, 7.5, 10,
12.5 15%) with the substrate at a temperature of 35 °C
and a power density of 3 W cm~2. The oxide on the
< 100> silicon was produced by heating the silicon at
1100 °C for 15 h in a Lenton air oven. The oxygen per-
centage in the sputtering ambient was controlled using
mass flow controllers and checked using an in-line
Anacon oxygen sensor. The target was prepared from
oxide precursors using conventional ceramic powder
processing technique. One set of films was subjected to
annealing at 800 °C in a Carbolite air oven for 1 h fol-
lowed by quenching to room temperature. Another set
of films were annealed at 800 °C for 1 h in a custom
built furnace fitted with a Eurotherm 810 temperature
controller, in the same ambient as that used during
deposition, and quenched to room temperature. A pair
of aluminium contacts was evaporated on the surface of
the films and covered with silver paste to prevent oxi-
dation. Resistance versus temperature (R—7) measure-
ments were done in a furnace equipped with a Microcal
temperature controller. The resistance was measured
using a Kiethley 617 electrometer. An Alpha step
profilometer was used to measure the thickness of the
films.

3. Results and discussions

The R-T characteristics for all films were fitted to Eq.
(1), with p=0.5. Fig. 1 shows the plot of In(RT~!) vs
T-95 for films deposited at 5% oxygen ambient; in the
as-deposited state (a), after annealing at 800 °C in air
(b) and after annealing at 800 °C in a nominally the
same ambient as during sputtering (c). In this model T}
is expressed as [5]

3162
o kaao
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0

where B;=2.84+1.2 is a numerical factor which is
determined by solving the appropriate percolation
problem, ki, is the Boltzmann constant, e is the charge
on an electron, « describes the Coulomb interaction
between the electrons and g is the Bohr radius. Here
k= goe4m, where g is the permittivity of free space and
& 1s the relative permittivity of the material. The pro-
duct ay*e, gives the effective radius of an atom of the
material. 7T, values of films, in as-deposited and
annealed states, deposited in different oxygen contain-
ing ambients are shown in Fig. 2 and listed Table 1. The
results showed that the 7| values of the films, irrespec-
tive of the deposition or annealing conditions, were
similar to that of the target (To(rargen=2.12x10° K).
The films annealed in air showed slightly higher values
of T, whereas the films annealed in argon/oxygen
ambient showed marginally lower values of T, com-
pared to that of the target. This would imply that the

5
4x10 [ " rget T T ]
¥——X As deposited
r  G——-= Annealed in air 7
I  w——v Annealedin ArIO2 _
5 L i
3x10 7

T, (K)

200° [ e

0 5 10 15
Oxygen percentage (%)

Fig. 2. Variation of T, of films deposited at various Ar/O, mixed
ambients in as-deposited and annealed state.
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Table 1
Values of T of films in as-deposited and annealed state

Annealing conditions

To (x10° K) values of films sputtered at different oxygen containing ambient

0.3% 1% 2.5% 5% 7.5% 10% 12.5% 15%
As-deposited 3.13 2.01 1.92 2.27 2.42 1.91 1.72 2.05
Annealed in air 2.33 1.96 2.76 2.47 2.36 3.07 2.35 1.72
Annealed in (Ar+ O,) ambient 2.79 2.34 1.91 2.02 2.06 1.95 1.98 1.89

effective radius of the material of thin films is similar to
that of the bulk Ni,Mn;_,04s Films annealed in an
ambient similar to that used during deposition, showed
the least variation in 7, with the deposition conditions
(i.e. oxygen percentage in the ambient) Interestingly the
films deposited in lower oxygen environments (0.3%
oxygen) showed a higher value of T,. The effect of the
thickness variation on the electrical properties have not
been investigated in the present study.

The resistivity of the films at 50 °C (po(s0)) was calcu-
lated using the film thickness and results are shown in
Fig. 3. Following annealing in either air or in argon/
oxygen mixed ambients, psoy was nearly an order of
magnitude lower than that of the target material
(P(50yTarget = 1300 ohm cm). The as-deposited films grown
at lower oxygen percentages had higher resistivities
(P2.5% Oxyeen) =2930 ohm cm), though the as-deposited
resistivity decreased with increasing oxygen percentage
and at 12.5 and 15% their resistivity had become com-
parable to that of the annealed films. Films annealed at
800 °C in the same ambient as that used during sput-
tering, showed relatively little variation in resistivity
with deposition and annealing environment, only
increasing by a factor of ~2 as the oxygen fraction was
increased from 0 to 15%. Dannenberg et al. [7] reported
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Fig. 3. Variation of resistivity at 50 °C of films deposited in different
Ar/O, mixed ambients in as-deposited and annealed state.

similar dependency of resistivity on the oxygen content
(oxygen <0.1%) in the environment during sputtering,
but did not carry out a post deposition annealing at the
temperature used in this study.

The above results showed that the resistivity of the
as-deposited films was strongly dependent on the per-
centage of oxygen in the sputtering environment. This
was possibly due to a change in the oxygen stoichio-
metry of the films, resulting in an alteration of the
ratio of Mn®*" to Mn*" ions. Annealing in air or in
an argon/oxygen mixed environment reduced the
resistivity, which again implied a change in the oxygen
stoichiometry, as loss of either nickel or manganese at
such a low temperature was unlikely. Partial and/or
inhomogeneous oxidation of the material in the as-
deposited state was probably the cause of the higher
resistivity of films deposited at lower oxygen percen-
tages. On annealing oxygen diffused into the material,
resulting in a more optimum ratio of Mn** to Mn*™*.
However, annealing had very little effect on the resis-
tivity of the films deposited at higher oxygen percen-
tages, presumably there was sufficient oxygen present in
the sputtering environment to ensure a more fully
oxidised material. The films in general had a lower
resistivity than the target which possibly could be due
to a different ratio of the manganese ions in the
octahedral sites or possibly due to the absence of
porosity resulting in a better intergrannular contact.
However neither of these could be confirmed within the
scope of this study.

4. Conclusions

Thin films of Ni,Mn3_,04+s were produced which
exhibited NTCR properties, with characteristic tem-
peratures similar to that of the target material. Increasing
the oxygen content in the sputtering environment
reduced the resistivity of the material in the as-deposited
state, indicating a variation of oxygen stoichiometry.
Post deposition annealing in air or in an environment
similar to that during sputtering, produced films with
a resistivity that was less dependent on the growth
environment. The resistivity of those films was nearly an
order of magnitude lower than that of the bulk target,
possibly due to the absence of porosity.
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