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Temperature dependent in-plane impedance spectroscopy measurements were carried out in order

to analyze the charge transport properties of functional oxide NiMn2O4 negative temperature

coefficient thermistor films deposited via aerosol deposition techniques onto glass and Al2O3

substrates. The in-plane resistivity (q) versus temperature (T) curves of all films were uniform over

a large temperature range (180 K to 500 K) and showed the typical exponential power-law

behavior associated with variable-range hopping. The q-T dependences of annealed and

as-deposited films exhibited power-law exponents p of about 0.6 and thermistor constants B in the

range of 3500 K to 5000 K. As-deposited films showed higher p values as compared to annealed

films. As-deposited films exhibited also increased B values, leading to increased sensitivity of the

resistance to temperature changes, whereas annealed films deposited on Al2O3 showed the lowest

scatter in differentiated q-T data and might display superior reliability for temperature sensing

applications. VC 2011 American Institute of Physics. [doi:10.1063/1.3592300]

I. INTRODUCTION

The cubic spinel compound NiMn2O4 (NMO) has been

well known for many decades as the basis of negative tem-

perature coefficient (NTC) thermistor materials.1–7 The elec-

trical resistance shows a uniform exponential increase with

decreasing temperature, which makes the material applicable

in industrial temperature sensor or compensator applica-

tions.8–11 For such applications, different NMO film types or

bulk devices with a wide range of dopants are commonly

used in order to tune the device performance to the applica-

tion’s requirements.12–14 Nevertheless, the pure NMO com-

pound is still the subject of recent research efforts in order to

establish new and more efficient synthesis routes15–21 and

thin and thick film production techniques.22–31 Furthermore,

the interplay between the physical properties and the Ni and

Mn cation distribution on the tetrahedral and octahedral sub-

lattices is still a matter of debate.

In the cubic NMO spinel structure, the close packed ox-

ygen anion sublattice hosts tetrahedral and octahedral inter-

stices, which can both be occupied by Ni and Mn cations. In

a regular spinel structure, Ni2þ cations would be expected to

occupy tetrahedral sites, and Mn3þ would occupy octahedral

sites. NiMn2O4 is not a regular spinel, though, and exhibits a

certain degree of inversion. The Ni fraction occupying octa-

hedral sites corresponds to the inversion parameter �, and 2�
is the fraction of octahedral Mn3þ disproportionating into

Mn2þ and Mn4þ, where � Mn2þ occupies tetrahedral sites

compensating for � Ni2þ vacancies. In NiMn2O4, � is usually

rather large (0.7 to 0.9), because this is energetically favor-

able. The disproportionation of a large fraction of the Jahn-

Teller active Mn3þ cations releases Jahn-Teller lattice distor-

tions, which leads to an undistorted cubic unit cell.

The temperature dependence of � and the concomitant

variability of the cationic occupancy of tetrahedral and octa-

hedral sites cause the large complexity of this compound, for

example, in terms of the magnetic properties, which mainly

depend on the exchange interactions of the tetrahedral Mn2þ

and octahedral Mn3þ and Mn4þ cations. The charge transport

depends on the mixed Mn valence and is based on Mn3þ/

Mn4þ hopping on octahedral sites. Tetrahedral Mn2þ cations

may not contribute to the hopping, because the donation of an

electron would leave Mn3þ cations on tetrahedral sites, which

is unfavourable. Although the temperature dependence of

such Mn3þ/Mn4þ hopping is essential for temperature sensing

applications, its exact nature is still not fully established. A

temperature dependent activation energy for electron hopping

was found many decades ago,1 but only more recently has a

theoretically justified small polaron variable-range hopping

(VRH) model been employed more frequently.32–36

In this work, we present a detailed in-plane impedance

spectroscopy (IS) study on approximately 2 lm thick NMO

films produced via the aerosol deposition (AD) technique

using glass and Al2O3 substrates.28 The recently developed

AD technique offers several distinct advantages: it allows

highly dense polycrystalline films of sub-micrometer grain

size to be produced with a high deposition rate and without

an additional sintering densification process.

We show that the AD method is appropriate for produc-

ing dense NTC thermistor films with typical NTC resistivity

(q) versus temperature (T) behavior. The activation energy

shows a strong dependence on temperature, and the curves

fit well to a VRH power-law model in agreement with previ-

ous work32–36:
a)Author to whom correspondence should be addressed. Electronic mail:

rainerxschmidt@googlemail.com.
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q ¼ CT2p exp
T0

T

� �p

(1)

C is a temperature independent factor, T0 is the characteristic

temperature, and p is the power-law exponent.37 In-plane IS

proved to be a powerful tool for precisely determining tech-

nologically relevant NTC thermistor parameters such as the

resistivity q; the thermistor constant B, which is equivalent

to the local temperature dependent activation energy �3; and

the relative sensitivity of the film thermistor B/T, all over a

large temperature range of 180 K to 500 K.

II. EXPERIMENTAL DETAILS

NMO powders were synthesized via the conventional

solid state oxide method using reagent grade raw materials

of NiO (99.9%, Kojundo Chem. Co., Japan) and Mn2O3

(99.9%, Sigma Aldrich Co.). The NiO and Mn2O3 powder

mixture was ball-milled using high purity 3Y-tetragonal zir-

conia polycrystalline (TZP) ball media with ethyl alcohol in

a high density polyethylene jar for 24 h. The mixed slurry

was rotary evaporated and calcined in a high purity alumina

crucible in order to facilitate NMO spinel phase formation at

850 �C for 10 h. The calcined NMO powders were confirmed

phase pure by X-ray diffraction and were crushed in a plane-

tary mill (Pulverisette 5, Fritsch GmbH, Germany) using 3Y-

TZP balls in a ceria stabilized zirconia jar for 10 h in order

to obtain an appropriate particle size distribution for AD.

The particle size distributions of the powders were character-

ized using a laser diffraction particle size analyzer (HELOS

& RODOS, Windox 5, Sympatec GmbH, Clausthal-Zeller-

feld, Germany), and the average particle size (d50) of the cal-

cined powder was �1.4 lm.

The NMO powder was mixed with the carrier gas in the

aerosol chamber to form an aerosol flow, which was trans-

ported through a tube to a nozzle with rectangular shaped

orifices of 5� 0.4 mm2. The flow was accelerated and

ejected from the nozzle into a deposition chamber, which

was evacuated by a rotary pump with a mechanical booster

(see Fig. 1). Medical grade dried air was used as the carrier

gas at a flow rate of 5 liters/min. During deposition at room

temperature, the pressure in the deposition chamber was

monitored as �1 Torr. The substrate (glass or alumina) was

placed 5 mm in front of the nozzle to be exposed to the

accelerated NMO particle beam, which formed a dense film

on the substrate. Due to rather heavy collisions of NMO par-

ticles with the substrate, as well as with the nozzle, the aver-

age particle size was crushed down to less than 50 nm, and

film formation with dense particle packing was achieved

directly from the accelerated NMO particle beam, without an

additional post-deposition sintering densification process.

This constitutes a major advantage over other polycrystalline

film deposition techniques such as screen-printing or tape

casting, which both involve organic carrier and binder mate-

rials and require post-deposition organic burn-out and densi-

fication sintering. The deposition rate was about 0.6 lm/min,

which is considerably higher than in comparable film deposi-

tion processes requiring an evacuated deposition chamber,

such as ac sputtering or evaporation techniques. The area of

the deposited film was � 5� 10 mm, and the film thickness

was controlled as �2 lm by the number of repetitions of the

nozzle scan. One set of films was loaded into an electric fur-

nace and annealed at 600 �C (glass substrate) or 850 �C
(Al2O3 substrate) for 1 h.

Two square Ti and two Ag electrodes with a size of

� 1� 1 mm and a distance d of approximately 1.5 mm were

evaporated onto the film surfaces in order to enable in-plane

IS measurements. Figure 2 shows the fractured cross-sec-

tional SEM micrographs of (a) as-deposited NMO film on a

glass substrate, (b) 600 �C annealed NMO on glass with Ti

FIG. 1. (Color online) Schematic diagram of the aerosol deposition system.
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electrode [inset: film cross-section in elemental contrast

mode of a selected area of the same sample applying color

coding for Si, Mn, and Ti], (c) as-deposited NMO on Al2O3

with a Ti electrode, and (d) 850 �C annealed NMO on Al2O3

(JSM-5800, Jeol Co., Tokyo, Japan). The films showed high

density, and the Ti electrodes, NMO films, and glass/Al2O3

substrates can be clearly identified. The inset of Fig. 2(b)

shows that the 3 different elements are clearly separated, and

Ti diffusion into the NMO film and Mn diffusion into the

substrates appear to be minimal. No micro-cracks or pores

were observed, and all films exhibited good adhesion with

the glass/Al2O3 substrates. NMO films on Al2O3 substrates

exhibited a higher surface roughness, which was inherited

from the substrate due to its polycrystalline nature.

For IS measurements, a Novocontrol Alpha-A High Per-

formance Frequency Analyzer equipped with a liquid nitro-

gen cooled sample chamber was used at 180–500 K. A 100

mV amplitude alternating voltage signal was employed, and

IS data were obtained in terms of the real and imaginary

parts of the impedance (Z0 � Z00) between 0.5 Hz and 1 MHz.

The data taken from the Ti and Ag electrodes appeared to be

identical within experimental error, which indicated that par-

asitic effects at the sample electrode interfaces were

negligible.

III. IMPEDANCE SPECTROSCOPY

A. Basic principles and equivalent circuit fitting

IS experiments have been used extensively in the past in

order to analyze the dielectric properties of bulk, single crys-

tal, and film electroceramic materials in detail.38–41 IS con-

sists of a time (t)-dependent alternating voltage signal U of

angular frequency x and amplitude U0 [i.e., U(x, t)¼U0 cos

(x t)] applied to a sample, and effectively the phase shift d
and amplitude I0 of the current response signal I are measured

as I(x, t)¼ I0 cos (xtþ d). Because I0 and d are time invari-

ant at a given frequency, the impedance is commonly defined

as a time-independent complex number Z* (¼Z0 þ iZ00). The

current response of ideal electronic circuit components is (1)

in phase with the applied voltage in the case of a resistor R,

(2) out of phase by d¼�p/2 (�90�) for a capacitor C, and

(3) out of phase by d¼þp/2 (þ90�) for an inductor.

In the framework of ideal Debye dielectric relaxations

in electroceramic materials, each contribution, such as bulk,

grain boundary (GB), or electrode interface relaxations, can

be described by an ideal parallel RC element consisting of a

resistor and a capacitor in parallel.42–44 For the equivalent

circuit fitting of experimental IS data, ideal capacitors are of-

ten replaced by constant phase elements (CPEs) in order to

account for the potential nonideality of the respective relaxa-

tion process. Such CPEs show a frequency independent

phase shift c with respect to an ideal capacitor. The macro-

scopic impedance is the sum of all series RC or R-CPE

impedances where each RC/R-CPE element would ideally

appear as a separate semicircle in complex plane plots of

�Z00 versus Z0. A single CPE element and an R-CPE circuit

have a complex impedance Z* of

Z�CPE ¼
1

ixð ÞnC�
; Z�R�CPE ¼

R

1þ ixð ÞnRC�
; (2)

FIG. 2. (Color online) Cross-sectional SEM images of (a) as-deposited NMO film on a glass substrate, (b) 600 �C annealed NMO on glass with Ti electrode

(inset: color coded SEM image with elemental contrast for Si, Mn, and Ti), (c) as-deposited NMO on Al2O3 with a Ti electrode, and (d) 850 �C annealed

NMO on Al2O3.
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where R is the resistance, C* is the capacitance in modified

units of Fsn�1, x is the angular frequency in Hz, n is the crit-

ical CPE exponent, and i¼
ffiffiffiffiffiffiffi
�1
p

. The CPE capacitance C*
can be converted into a real capacitance C, given in Faraday,

according to a standard procedure.45 The critical exponent n
equals 1 for an ideal capacitor and has decreasing values

below 1 for increasing nonideality, which corresponds to an

increasing phase shift c.

B. Experimental limitations of in-plane IS
measurements

In order to demonstrate the limitations of in-plane IS for

thin and thick film materials, a model sample with typical

dielectric behavior and two distinct dielectric relaxation

processes will be considered. In reality, two such relaxations

in films may represent the intrinsic film and the extrinsic

GB, or the intrinsic film and the extrinsic electrode interface

relaxations. In some cases, all 3 contributions (bulk, GB,

interface) may be present, but in this model case here we

restrict the considerations to two relaxations, one intrinsic

(R1C1) and one extrinsic (R2C2). The two model dielectric

relaxations can be represented by two RC elements in series,

as depicted in Fig. 3(a).

The most relevant experimental limitation of IS for film

in-plane measurements is the stray capacitance of the mea-

surement probe. Such stray capacitance necessarily arises

between the measurement cables within the sample probe

and the impedance analyzer, and it is referred to as C0

throughout this work. Its origin implies that for equivalent

circuit modeling, the stray capacitance needs to be repre-

sented by a capacitor C0 in parallel to the sample, as is illus-

trated in Figs. 3(a) and 4. For reliable IS measurements, C0

should be as low as possible and should be measured before

each IS measurement under open circuit conditions. In the

experimental set-up used in this study, a very typical value

of C0 � 5� 10�13 F was determined.

The fact that the circuit component C0 is parallel to the

sample [Fig. 3(a)] can have serious consequences, and 3 pos-

sible scenarios exist:

(1) If C0 is considerably smaller than C1 and C2, it has no

perceptible effect on the impedance spectroscopy data,

and C0 can be neglected and excluded from the circuit.

In this ideal case, the dielectric relaxations R1C1 and

R2C2 can usually be deconvoluted readily and analyzed

separately.

(2) In the case where C0 is significantly larger than C1 and

C2, C0 totally dominates the IS data, and C1 and C2 can-

not be obtained. The dielectric relaxations R1C1 and

R2C2 cannot be deconvoluted, and the equivalent circuit

“collapses” to one single RC element as illustrated by

the circuit in Fig. 3(b). As a consequence, the two resis-

tors R1 and R2 cannot be separated, and the IS data show

the features of only 1 resistor [in Fig. 3(b), this is shown

as R1þ2], representing the sum of R1 and R2, and one ca-

pacitor representing the stray capacitance (C0). The sin-

gle resistor accounts for the total resistance of the sample

and, therefore, corresponds to the dc resistance.

(3) If C0 is comparable to C1 and C2, the situation is more

complicated. Under certain circumstances, it might be

possible to determine C1 and C2 by employing the equiv-

alent circuit shown in Fig. 3(a). In other cases, it might

be possible to determine only C2 by omitting C1 in the

circuit in Fig. 3(a).

In order to predict which of the above scenarios will

apply to a given sample, the value for the intrinsic capaci-

tance C1 (bulk) needs to be estimated and compared to the

stray capacitance C0 determined from open circuit measure-

ments. Such estimations for C1 can be obtained from the

well-known equation for capacitance: C¼ �r�0(A/d), where A
is the current cross section and d is the electrode distance.

The factor A/d is usually referred to as the geometrical factor

g. By comparing the in-plane and out-of-plane film and bulk

IS measurements, it is obvious that g can strongly influence

the expected capacitance C1. The situations for in-plane and

out-of-plane film and for bulk sample measurements can in

fact be quite different:

FIG. 3. (Color online) Equivalent circuit for (a) a model sample containing

two dielectric relaxations R1C1 and R2C2, (b) the specific case of C0 » C1/

C2, and (c) the same case as in (b) but with a nonideal relaxation process.

FIG. 4. (Color online) Experimental set-up for the in-plane impedance spec-

troscopy measurements for NMO films. The equivalent circuit elements Rdc,

C0, and L0 are depicted, and their origins are indicated.
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(i) For out-of-plane film IS measurements, A (electrode

area) is usually macroscopic, whereas d (film thick-

ness) is microscopic. This leads to large g and C1 val-

ues. Because the extrinsic capacitance C2 is expected

to be larger than C1, scenario (1) may well apply

here.46

(ii) For in-plane film IS measurements, A (electrode

width� film thickness) is usually microscopic and d
(electrode distance) is macroscopic, leading to small

g and C1 values. In most cases, scenario (2) applies

here. In the case in which C2 appears to be larger

than C0, scenario (3) applies. It should be noted that

A is an estimate only, because the current cross sec-

tion is not clearly defined for co-planar electrodes in

in-plane film measurements.

(iii) For bulk IS measurements, A (electrode area) is usu-

ally macroscopic and d (electrode distance) is macro-

scopic as well, which leads to g values on the order of

1 and to intermediate C1 values, often similar to C0. C2

is usually larger than C0 here, and scenario (1) or (3),

depending on the exact values, may be applicable.43

C. In-plane IS measurements in AD NiMn2O4 films

For a rough approximation of the intrinsic film capaci-

tance C1 for our in-plane IS measurements on NTC thermis-

tor films, we used the NMO bulk value for �r (Ref. 21), and

we calculated a g value of � 5� 10�4 cm from the sample

geometry, which leads to a C1 value of approximately

3� 10�16 F. This C1, as well as a possible extrinsic GB ca-

pacitance C2,21 would be considerably smaller than C0. Elec-

trode sample interface contributions were not indicated for

our films, and scenario (1) and the circuit in Fig. 3(b) were

applied.

However, our IS data showed clear features indicating

that C0 was not ideal, and a small degree of nonideality was

evident, which could be accounted for by replacing C0 with

a CPE.42 In Fig. 3(c), the circuit is modified accordingly, the

nonideal capacitance is represented by CPE0, and the dc re-

sistance of the film is represented by Rdc.

Figure 4 illustrates the experimental setup for in-plane

IS measurements, and the equivalent circuit elements are

depicted according to their origin. For the sake of complete-

ness, it should be noted that the inductance of the measure-

ment cables can have an influence on the IS data, which can

be accounted for by a series inductor L0. Such inductive

influences can occur at high frequency, if the impedance is

small. L0 was neglected in our study here because no induc-

tive behavior was obvious from the spectra, and L0 was

therefore not included in the circuit in Fig. 3. Additionally, it

should be noted that Rdc may contain contributions from the

cable, pin, and electrode resistance (Fig. 4), but such contri-

butions were found to be negligible here from short circuit

measurements. For in-plane measurements C0 can contain

contributions from the substrtae, which is also indicated in

Figure 4.

IV. RESULTS AND DISCUSSION

A. Impedance spectroscopy data analysis

IS data were obtained for NMO 2 lm thick films on

glass and for Al2O3 substrates in the as-deposited state and

after annealing in air at 600 �C (glass) or 850 �C (Al2O3).

Figure 5 shows plots of the imaginary versus the real part of

the complex impedance (�Z00–Z0) for annealed films on

Al2O3. The data are plotted on double-logarithmic axes, and

therefore the almost perfect single semicircles at each tem-

perature appear distorted. The maximum in �Z00 represents

the relaxation peak of the single dielectric relaxation process

detected. No electrode, GB, or bulk relaxations could be

FIG. 5. (Color online) Complex impedance plots of �Z00 vs Z0, both in

Xcm, on double-logarithmic axes for an annealed NMO film on Al2O3. All

other films investigated show equivalent behavior. The data curves were

taken at 180–500 K at 10 K intervals. The NTC effect is indicated, and an

equivalent circuit fit is shown for the data collected at 500 K by the thin

solid line. Inset: Plots of �Z00 vs Z0 (Xcm) on linear axes for 280, 290, and

300 K displaying one single quasi-ideal semicircle each.

FIG. 6. (Color online) Arrhenius plots of the logarithmic dc resistivity q
(Xcm) vs the reciprocal temperature 1/T (1/Kelvin) at 180–500 K for NMO

films on glass [as-deposited (h) and annealed (n)] and on Al2O3 [as-depos-

ited (^) and annealed (^)]. Solid lines represent fits to Eq. (1).
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deconvoluted as explained in Secs. III B and III C due to the

dominance of the stray over the NMO in-plane film capaci-

tance. From Fig. 5, it is clear that Z0 is frequency independ-

ent at sufficiently low frequencies at the vertical parts of

each curve. The frequency independent Z0 values correspond

to the resistance Rdc and, therefore, represent the dc resistiv-

ity of the film. The film dc resistivity drops with increasing

temperature, which is the typical NTC behavior of NMO

thermistor materials. For the highest temperature (500 K),

the fit to the equivalent circuit model [Fig. 3(c)] is shown

(solid curve) and exhibits perfect agreement with the data.

The fits to the data at all remaining temperatures are equally

convincing. The critical CPE exponent n was very close to 1

at all temperatures in the range of 0.97–1, as is expected for

an almost perfect Debye behavior of a parasitic contribution.

The data for all other AD film samples display the equivalent

features and could be fitted to the same equivalent circuit

equally well.

B. NTC thermistor behavior of the dc film resistivity

Values for Rdc were obtained from the fits of the IS data

to the equivalent circuit model shown in Fig. 3(c)/Fig. 5 and

were plotted as the resistivity q on a logarithmic axis versus

the reciprocal temperature T on Arrhenius axes (Fig. 6). The

q-T curves for all samples show good uniformity over the full

temperature range of 180 K to 500 K and exhibit the typical

bending for VRH. The strict uniformity of the q-T curves over

a large temperature range is a unique property of NTC therm-

istor materials based on NMO spinels and enables the applica-

tion of these materials in wide range temperature sensors.

The as-deposited films show a lesser degree of VRH

bending, higher resistivity, and higher activation energy as

compared to annealed films. The Arrhenius plots in Fig. 6

were fitted to Eq. (1) using Origin
VR

software employing a

least-linear square fitting routine with statistical weighting of

the residues and a Levenberg-Marquardt algorithm. The

solid lines in Fig. 6 represent such fits to the data and show

excellent agreement with the data points. The parameters

obtained from such VRH fits are summarized in Table I,

including the first standard deviation of the fitting uncertain-

ties. It is important to note that the factor T0 may not be

interpreted as an activation energy here, because T0 is tem-

perature independent in contrast to the temperature depend-

ent activation energy. T0 is related to the density of localized

electron states g(�) contributing to the hopping process.36,37

g(�) values at �¼ 0.15 eV above Fermi level (�¼ 0) were cal-

culated from T0 and p, and are listed in Table I. The p and

g(0.15 eV) values of the annealed films are in good agree-

ment with bulk NiMn2O4 values reported previously.36 In

contrast, the as-deposited films show a lower density of

localized electron states contributing to the hopping process.

Obviously, annealing and concomitantly improved film crys-

tallization bring the charge transport properties of AD films

closer to the bulk behavior. In Ref. 36, polycrystalline thick

film values are reported as well, but such films contained a

glass phase, and the values of single phase NiMn2O4 films

shown here might be more representative.

The gradients of the Arrhenius plots in Fig. 6 may be

interpreted as local activation energies �3, which were deter-

mined by taking the first derivative of such curves. �3 values

represent the activation energy at one specific temperature

only, in contrast to global activation energies EA. In the con-

text of NTC thermistors, such local activation energies �3

given in Kelvin are often referred to as the thermistor con-

stant B.47 Due to reduced scatter in the q-T data, such �3 or B
values show clear trends with temperature, which are plotted

in Fig. 7. It is evident that the as-deposited films show higher

�3/B values and a stronger temperature dependence of the re-

sistance than the annealed films. Therefore, as-deposited AD

films might offer slightly higher values of the absolute sensi-

tivity to temperature changes. In contrast, the annealed films

on Al2O3 show the lowest level of data scatter in Fig. 7 and

might be favorable in terms of the reliability aspect. The �3

and B values from IS measurements agree well with the ones

from conventional dc measurements.28 A further relevant pa-

rameter in NTC thermistor technology is the relative sensi-

tivity B/T, which is shown in the inset of Fig. 7. The relative

sensitivity in as-deposited films is higher, in agreement with

TABLE I. Variable range hopping parameters p, T0, C, and g(0.15 eV) from fits of the q-T data to the model in Eq. (1).

p T0 (K) C (Xcm/K2p) g(0.15 eV) (eV�1cm�3)

As-deposited Al2O3 0.626 6 0.011 5.60� 104 6 4� 103 6.07� 10�10 6 1� 10�10 5.6� 10�19

As-deposited glass 0.600 6 0.015 7.59� 104 6 8� 103 8.71� 10�11 6 3� 10�11 7.8� 10�19

Annealed Al2O3 0.586 6 0.003 7.50� 104 6 2� 103 3.58� 10�10 6 3� 10�11 2.0� 10�20

Annealed glass 0.581 6 0.005 8.15� 104 6 3� 103 1.04� 10�10 6 1� 10�11 1.9� 10�20

FIG. 7. (Color online) NTC thermistor constants B (Kelvin) vs temperature

(Kelvin) obtained from the first derivative of the Arrhenius plots in Fig. 6

for films on glass [as-deposited (h) and annealed (n)] and on Al2O3 [as-de-

posited (^) and annealed (^)]. B corresponds to the local activation ener-

gies �3 (in Kelvin). Inset: Relative sensitivity of the NTC thermistor: B/T
(dimensionless) vs temperature (in Kelvin).
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the absolute sensitivity B, and slightly decreases with

increasing temperature. Such a decrease in relative sensitiv-

ity with increasing temperature is expected for NTC thermis-

tor devices.

V. CONCLUSIONS

Films of NTC thermistor NMO material were success-

fully produced via aerosol deposition and might be applica-

ble in temperature sensing and related applications.

Impedance spectroscopy was employed in order to determine

precisely the dc resistivity versus temperature (q-T) depend-

ence, the local activation energies �3, the thermistor con-

stants B, and the relative NTC thermistor sensitivity B/T of

all films. In plane ac impedance measurements in NMO films

proved to enable more precise resistivity determination over

a wider temperature range as compared to conventional dc

measurements.28 Therefore, the read-out of the resistivity

values from film NTC thermistor temperature sensors in

industrial applications might be performed preferably by in-

plane low frequency ac fields.

The q-T curves for all AD film samples showed the typi-

cal NTC thermistor behavior over a large temperature range

(180–500 K) and followed a variable-range hopping power-

law. As-deposited films showed an increased sensitivity of

the resistance to temperature changes. Annealed films depos-

ited on Al2O3 showed the lowest scatter in differentiated q-T
data and might exhibit superior reliability in temperature

sensing applications.
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16A. Feltz and J. Töpfer, Z. Anorg. Allg. Chem. 576, 71 (1989).
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