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Abstract
Nickel-manganite-based thin �lms with a negative temperature coe�cient of resistance (NTCR)
characteristic were prepared from (Ni 0.2 Mn 2.8– x Cu x )Cl 2 (0.010£ x £0.040) solutions using the
liquid �ow deposition (LFD) method. The in�uence of Cu on the electrical properties of the �lms annealed
at 400 °C was investigated. Adding Cu ( x = 0.025) was found to quite effectively lower the electrical
resistivity ( ρ ) of the �lms to 200 W cm, whereas their sensitivity behavior was signi�cantly degraded.
Interestingly, the absolute temperature coe�cient of resistance ( TCR ) of the �lms was enhanced by
further adding 0.01 mol Zn along with Cu, without a remarkable increase in ρ . TCR = 2.98% K – 1 and ρ =
880 W cm at room temperature were attained for the Zn-containing specimen with 0.020 mol Cu doping.
Moreover, the �lms with (Zn,Cu) co-doped compositions showed a much higher electrical stability than
the Zn-free �lms.

1. Introduction
Nickel manganite oxide ceramics with a negative temperature coe�cient of resistance (NTCR)
characteristic have been attracting substantial attention for several decades [1, 2]. These materials have
been used for infrared sensing applications due to their high temperature sensitivity, fast response, cost-
effectiveness, adaptable size, and practical convenience [3, 4]. Generally, the nickel manganite system
exhibits a spinel-type structure with the general formula AB2O4 (A: tetrahedral and B: octahedral sites),
and its electrical conductivity is typically described in terms of the electron hopping conduction between
Mn3+ and Mn4+ states at octahedral sites, induced by lattice vibrations [3, 5, 6].

In practice, some applications such as microbolometers require NTCR materials with low electrical
resistivity (ρ), large temperature coe�cient of resistance (TCR), and su�cient stability. Modifying the
composition of nickel manganite compounds with appropriate transition metal ions (suitable for
tetrahedral sites occupation) has been found to allow Ni2+ to occupy octahedral sites, thus improving the
electrical conductivity [7]. Among various elements, Cu has been reported as the most effective ion for
lowering the resistivity; unfortunately, Cu doping also degrades the electrical stability [7–9]. Chen et al.
reported that Cu doping decreased the resistivity of Ni0.5Mn2.5O4 ceramics as low as 70 Ω cm, but
simultaneously raised the resistivity drift up to 14.9% [10]. In this regard, adding Zn is known to
effectively stabilize the spinel structure against the oxidation reaction when partially replacing Mn in
nickel manganite compounds [11, 12]. Ma and co-workers investigated the effects of Zn doping on the
aging characteristic of Ni0.6Cu0.5ZnxMn1.9−xO4 ceramics, and they demonstrated that the resistivity drift
signi�cantly decreased from 10.2% for the undoped samples to 0.02% for the samples with Zn doping of
x = 0.75 [13]. The authors also emphasized that the thermal constant (B) of the ceramics was improved
by Zn doping. Thus, Cu and Zn greatly bene�t the electrical conductivity and stability, and hence, the
combined effects of these ions on nickel manganite spinel materials are worth investigating.

The electrical and physical properties of NTCR nickel manganite have been widely studied, but mostly in
bulk and thick-�lm forms. Unfortunately, poor stability and reproducibility have been reported for bulk
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ceramics [14], and the thick �lms show low sinterability [15]. Furthermore, the bulks and thick �lms
commonly require high sintering temperatures [5, 7–12, 14, 15]. Dense polycrystalline thin �lms that can
be synthesized at relatively lower temperatures are considered to overcome these shortcomings. Thin
�lms have also been con�rmed to increase output responses and decrease operating voltages [3, 5].
Meanwhile, the current trend in electronics technology is to reduce the dimensions of the electronic
components; therefore, fabricating passive components using the thin-�lm technique is an emerging
solution.

Thin �lms are prepared using various methods, among which chemical solution processes have attracted
considerable attention because of their low cost, simplicity, and large area coverage. Among them, liquid
�ow deposition (LFD), which typically provides the advantages of low processing temperatures and
environmental friendliness, offers great potential for synthesizing crystallized nickel-manganite-based
thin �lms [16]. Particularly, by exploiting the Mn2+ → Mn3+ oxidation, high-quality NTCR (Co,Ni,Mn)3O4

thin �lms have been successfully fabricated via the LFD route, as described in our previous work [17]. The
cubic spinel structure forms at an annealing temperature of 400 °C and yields highly conductive �lms. In
terms of the conductivity mechanism, many studies have modi�ed the composition of nickel-manganite
thin �lms with various substituting/doping cations; however, most authors focused only on synthesis
temperatures above 500 °C [4, 5], whereas few studies have prepared thin �lms at low temperatures thus
far. In the present study, we demonstrate the effect of Zn and Cu co-doping on the phase, morphology,
electrical properties, and aging behavior for LFD (Ni,Mn)3O4-based thin �lms annealed at 400 °C.

2. Experimental Procedure

2.1. Precursor solution preparation
MnCl2·4H2O, NiCl2·6H2O, CuCl2·2H2O, and ZnCl2·4H2O supplied by Sigma-Aldrich were used as raw
materials for preparing reaction solutions with the following compositions:

1. (Ni0.2Mn2.8–xCux)Cl2 with x=0.000, 0.010, 0.015, 0.020, 0.025, 0.030, 0.035, and 0.040

2. (Ni0.2Zn0.1Mn2.7–xCux)Cl2 with x=0.000, 0.010, 0.015, 0.020, 0.025, and 0.030.

Deionized (DI) water was used to dissolve these compounds to form 50 mM solutions. As the solutions
were continuously stirred, an appropriate amount of NH4Cl was added and mixed. After 1 h of stirring, the
resulting solutions were used as precursor solutions to deposit thin �lms.

2.2. Thin-�lm deposition
The experimental process of thin-�lm deposition via LFD was described in detail in our earlier report [19].
In the present work, to prevent precipitation, the pH was adjusted in a range of 6.65–6.85 by adding
ammonia (NH3.H2O). The reactant and oxidizing solutions (H2O2, 5 mM) simultaneously �owed into the
deposition chamber at rates of 400 and 100 mL/h, respectively, where an upside-down Si/SiNx wafer (2.5 
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× 2.5 cm2) was already located. The substrate temperature was maintained constant at 60 °C throughout
the deposition. The growing time was set to 8 h for each sample. After deposition, the �lms were washed
with DI water and then dried at 100 °C for 2 h in an oven. Finally, all the specimens were annealed at
400 °C for 5 h in air (with a heating rate of 5 °C/min) and then naturally cooled.

2.3. Characterizations
Atomic force microscopy (AFM, Neos, Bruker, Germany) and �eld-emission scanning electron microscopy
(FE–SEM, JEOL, Japan) were employed to examine the surface morphology of the �lms. X-ray diffraction
(XRD, Rigaku, Japan) was conducted to determine the crystal structure. The oxidation states of copper
were examined by an X-ray photoelectron spectroscopy (XPS) system (VG ESCA 3000). The sheet
resistance–temperature dependence (R–T) of the �lms was measured in a temperature range from 22 °C
to 95 °C using a four-point probe system (DSF system, Doosung, Korea). From R–T data, the TCR was
calculated by a universal equation given in ref [3]. To test the stability, the �lms were aged in an oven at
150 °C (in air), and the room-temperature (RT) sheet resistance was measured at various points during
aging, up to 500 h. The aging coe�cient was de�ned as ΔR/Ro = (R–Ro)/Ro (%), in which Ro and R are
the resistance at RT before and after aging, respectively [18].

3. Results And Discussion

3.1. Microstructure and crystal structure analyses
For the Cu-doped �lm series, deposited at pH = 6.85, a compact surface was achieved for the as-grown
�lms with a small amount of Cu (x≤0.025). Figure 1a–c shows topographical AFM images of the surface
of samples with x = 0.000, 0.015, and 0.025, respectively. The �lms reveal a uniform morphology without
any cracks; no signi�cant morphological differences were found among these �lms, except for an
increase in the grain size, as listed in Table 1. However, the FE–SEM observations in Fig. 2a–c clearly
display the degradation in the surface quality of the thin �lms with high Cu levels (x≥0.030). As x reaches
0.035, the �lm shows many pores on the surface as clearly seen in Fig. 2b. When x further increases to
0.040 (Fig. 2c), the porosity becomes much higher, resulting in a poorer microstructure and a decrease in
thickness.
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Table 1
Grain size, roughness, and thickness of �lms

x Zn-free Zn-added  

  Mean grain
size (nm)

Roughness
(nm)

Thickness
(nm)

Mean grain
size (nm)

Roughness
(nm)

Thickness
(nm)

0.000 50 17.7 420 4 – 300

0.015 60 22.5 450 7 – 280

0.025 70 23.1 400 10 4.1 280

0.030 70 31.8 400 13 6.7 270

Annealing temperature: 400 °C

The average grain size was evaluated from surface images acquired by FE–SEM and AFM and
using ImageJ software.

The roughness was calculated using an AFM scanning probe image processor (SPIP–4.8.2)
software.

The thickness was evaluated from cross-sectional FE–SEM images.

The (Zn,Cu) co-doped (Ni,Mn)3O4 thin �lms were prepared from nickel manganese chloride solutions by
simultaneously adding 0.01 mol ZnCl2 and x (0.000–0.030) mol CuCl2 under the same conditions as for
the Cu-doped-only �lms, except that the solution pH was adjusted to decrease from 6.85 to 6.65. The
AFM photographs of as-grown Zn-added thin �lms with x = 0.000, 0.015, and 0.025 are also shown in
Fig. 1. Comparing the AFM images of specimens with and without Zn indicates that both, the Zn-free and
Zn-added �lms, have grains with a spherical morphology; however, adding Zn results in a smooth surface
with much �ner grains (Table 1). On the other hand, the thickness of each �lm series does not
substantially change, varying within 400–450 nm for the Cu-doped and 270–300 nm for the (Zn,Cu) co-
doped �lms (Fig. 2d and Table 1).

The crystal structure of the annealed Zn-free and Zn-added �lms was analyzed by XRD, and the results
are shown in Fig. 3. As presented in Fig. 3a and b, all �lms are well-crystallized after heat treatment in air
at 400 °C. The high crystallization of the LFD nickel manganite-based thin �lms after annealing at a
moderate temperature has been discussed elsewhere [16, 17]. A tetragonal spinel structure is revealed for
�lms without Cu (x = 0.000), regardless of the presence of Zn in their compositions. However, the (221)
tetragonal spinel peak for Zn-added �lm shifts to a slightly higher angle, as observed in Fig. 3c, which can
be attributed to the replacement of Mn2+ ions with Zn2+ ions at the tetrahedral sites of the spinel. As the
ionic radius of the Zn2+ cation (0.58 Å) is smaller than that of the Mn2+ cation (0.66 Å) [13], this
replacement decreases the lattice parameter in the spinel phase, thus shifting the corresponding peak. On
the other hand, cubic symmetry (Fd–3 m space group) appears when x≥0.010 for both systems (referring
to JCPDS card No. 84–0542), without any secondary phases. This �nding demonstrates that Cu, rather
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than Zn, induces the transformation from the tetragonal to the cubic spinel structure in the present
(Ni,Mn)3O4-based specimens. The (311) peak shows the highest intensity for all cubic spinel patterns,
clearly indicating the preferential orientation of the �lms. The XRD pattern characteristics and changes in
the intensity are very similar as x increases in both systems, even though the adding Zn has been
reported to improve the crystallinity in the case of spin-sprayed nickel manganite thin �lms [19]. Moreover,
the peak intensity uniformly increases with increasing x, demonstrating that Cu increases the crystallinity.

3.2. Electrical properties
Figure 4a depicts the (ρ)–temperature (T) curve in the testing temperature range T = 295–368 K (22–
95 °C) for the annealed Zn-free samples. This �gure clearly shows that the resistivity decreases with
increasing testing temperature, demonstrating a typical NTCR feature for the �lms. On the other hand, the
lnR/T and reciprocal of the absolute temperature (1000/T) in Fig. 4b clearly present a nearly linear
relationship over the measured temperature range. This linear dependence should be attributed to the
electron hopping conduction mechanism, for which the R–T relationship is commonly described by the
well-known expression: R = CTexp(Ea/kBT), where C is a constant, and T, Ea, and kB are the absolute
temperature, activation energy for electrical conduction, and Boltzmann constant, respectively [3, 5].
Results similar to those in Fig. 4 were con�rmed for all the annealed Zn-added �lms.

Figure 5a presents the RT resistivity (ρ) of �lms examined as a function of the Cu doping level, x. For the
Zn-added system, the resistivity rapidly decreases to a minimum value of 880 Ω cm when x is increased
from 0 to 0.02, and then increases slightly with further increases in x. In a similar manner, the Zn-free
�lms also show a decrease in ρ with x ≤ 0.025 and a tendency to increase with x ≥ 0.03. The lowest ρ
value of 200 Ω is achieved when x = 0.025. Compared with the Zn-free �lms at x = 0.000, an increase in
resistivity from 6,300 Ω cm to 9,210 Ω cm is observed for the Zn-added �lms. Although the resistivity does
not change much, this result clearly indicates that Zn doping deteriorates the conductivity. The Hall carrier
concentration and mobility for the Zn-free �lms, as presented in Table 2, show that the carrier
concentration systematically increases, whereas the carrier mobility decreases with Cu in the �lms.
Therefore, the tendency of ρ to decrease in Fig. 5a should be attributed to the carrier concentration rather
than the carrier mobility. On the other hand, the mobility of the charge carriers decreases in the Cu-rich
compositions, possibly because the ionized Cu atoms act as scattering centers at a high carrier
concentration, thereby decreasing the carrier mobility. Consequently, we suggest that the increased
electrical conductivity of the Cu-doped �lms is mainly due to changes in the carrier concentration, caused
by the combined effects of the composition and crystal structure.
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Table 2
Carrier concentration and carrier mobility of Zn-free �lms

x Carrier concentration (cm− 3) Carrier mobility (cm2/V·s)

0.000 4,44 × 1013 29.0

0.010 8.57 × 1013 25.4

0.015 1.37 × 1014 25.5

0.020 2.87 × 1014 24.7

0.025 7.35 × 1014 20.4

0.030 8.79 × 1014 16.0

In Cu-doped nickel manganite spinels, monovalent copper (Cu+) is known to reside at the tetrahedral sites,
while bivalent copper (Cu2+) occupies both, the octahedral and tetrahedral sites of the spinel [20, 21]. The
presence of Cu+ increases the amount of cations in the tetrahedral sublattices, which in turn displaces
some Ni2+ cations from tetrahedral to octahedral sites. This process produces Mn4+ at octahedral sites to
maintain the electrical neutrality, consequently increasing the Mn4+concentration. As more Mn4+ ions are
generated, a larger number of sites are available for electron hopping, which could be the possible reason
for the improved carrier concentration in Table 2, which contributes to the electrical conductivity of the
present two types of �lms.

Many researchers have suggested that Zn2+ is located only at tetrahedral sites [10, 11, 22]. Thus, it is
reasonable to infer that the Cu cations are expelled from tetrahedral sites and move into octahedral sites
in the (Zn,Cu) co-doped compositions. This process changes Cu+ into Cu2+; consequently, the Cu+ cation
concentration at the tetrahedral sites decreases. Moreover, as Cu+ changes into Cu2+, Mn4+ transforms
into Mn3+ to maintain the electrical neutrality of the lattice [13], which eventually increases the electrical
resistivity of the Zn-added �lms, as shown in Fig. 5a. The much �ner grain size with added Zn, as shown
in Fig. 1, should be also taken into account to better explain the differences between the conductivities of
these two �lm systems.

Cu doping is found to decrease the absolute RT TCR from 3.21 to 2.38% K− 1 for the Zn-free system, as
depicted in Fig. 5b. Clearly, Cu doping provides a signi�cant decrease in the resistivity, but degrades the
�lm sensitivity. A drop in TCR with Cu doping was also reported by Cho et al. [9] for spin-sprayed nickel
manganite thin �lms, but the possible reasons for this behavior are still under investigation. On the other
hand, the presence of Zn in the compositions is found to improve the TCR, which varies in the range of
2.82 to 3.54% K− 1 for the (Zn,Cu) co-doped system. The measured TCR values are even better than the
results obtained for sputtered Ni–Co–Mn–O �lms, where the absolute TCR of ≥ 3% K− 1 was only
achieved when the resistivity was higher than 1,000 Ω cm [23, 24]. Notably, in the present work, co-doping
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0.01 mol Zn along with Cu remarkably enhances the TCR, whereas it only moderately deteriorates the
conductivity. For instance, a high TCR of 3.02% K− 1 and a resistivity as low as 880 Ω cm are
simultaneously achieved for the Zn-added �lm with x = 0.020. These excellent electrical features are
interesting for infrared sensing applications such as microbolometers.

3.3. Electrical stability
Figure 6a shows the resistance drift (ΔR/Ro) for �lms with and without added Zn after aging at 150 °C in
air for 500 h. As expected, a high resistance drift of up to 10.5% is revealed for the Zn-free samples, which
is much larger than that for the (Zn,Cu) co-doped specimens, which was below 6.1%. This result
con�rmed the strong effect of Zn on the electrical stability. The most conductive Zn-added �lm (x = 
0.020) possesses ΔR/Ro = 5.4%, whereas the lowest ΔR/Ro = 5.2% is attained for one �lm where x = 
0.025. Figure 6b shows the detailed aging history of the x = 0.020 Zn-containing �lm, which demonstrates
that the �lm undergoes a sudden increase in resistance during the �rst 82 h of aging. Subsequently, the
increasing tendency of the resistance tends to slow down and reaches a nearly saturated state after
215 h, with a resistance drift of 5.2%. Up to 500 h of aging, the overall resistance drift is 5.4%.

The mechanism underlying the drift in the resistance of Cu-doped nickel manganite spinels has been
interpreted as the Cu+ ions at tetrahedral sites easily oxidizing to Cu2+ under aging conditions (at
temperatures ≤300 °C in air), which causes Cu ions to migrate from the tetrahedral to the octahedral sites
[25]. This �nding implies that the resistance drift is associated with a decrease in Cu cations at
tetrahedral sites. To con�rm this �nding, the oxidation states of Cu before and after aging were veri�ed by
XPS analysis in Cu2p3/2 region. The XPS experiments were performed on the most conductive specimens

for each system. The order of binding energies in the Cu2p3/2 region is Cu+ (Te) < Cu2+ (Oc) < Cu2+ (Te)
[26, 27], as presented in Fig. 7. The Cu2p3/2 XPS characteristics are listed in detail in Table 3. Figure 7a1–

2 distinctly shows that for the Zn-free �lm with x = 0.025, aging decreases the Cu+ ion concentration at
the tetrahedral sites and increases the Cu2+ ion concentration at the octahedral sites (see also Table 3). In
contrast, in the case of the (Zn,Cu) co-doped �lm with x = 0.020, neither the Cu+ nor Cu2+ ions change
much after 500 h of aging, as can be observed in Fig. 7b1–2 and Table 3. These smaller variations in the
amounts of Cu+ and Cu2+ ions can be attributed to the fact that Zn2+ ions almost exclusively occupy the
tetrahedral sites, and thus, the Cu ions with a valence of only 2 + predominantly reside at the octahedral
sites. Therefore, the migration of Cu ions from the tetrahedral to the octahedral sites would be less
pronounced, which possibly explains the higher stability of these �lms. In addition, the smooth surfaces
in these �lm surfaces may reduce the adsorption of oxygen, which hinders the oxidation of Cu+ ions.
Notably, the aging performance of the (Zn,Cu) co-doped �lms in this study, which attain a resistance drift
of 5.2–6.1%, is better than that of the undoped nickel manganite �lms prepared by spin-spraying and
annealed at 400 °C in Ar, which exhibited a resistance drift of 6.5% for the same aging time [28]. However,
this drift is still higher than those of the Mn–Co–Ni–O thin �lms annealed at 650–800 °C in air (1.7–
5.2%) [29].
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Table 3
Characteristics of the XPS Cu2p3/2 spectra of Zn-free (x = 0.025) and Zn-added (x = 

0.020) �lms

Samples Binding energy (eV) Peak intensity (area %)

Cu+ (Te) Cu2+ (Oc) Cu2+ (Te) Cu+ (Te) Cu2+ (Oc) Cu2+ (Te)

Zn-free* 931.1 933.0 943.4 37.1 34.0 28.9

Zn-free# 931.1 934.0 934.3 20.8 42.5 36.7

Zn-added* 930.9 933.9 934.5 24.4 32.2 43.2

Zn-added# 931.0 933.8 934.6 20.2 34.1 45.7

* Before aging.

# After aging at 150 °C in air for 500 h.

Te and Oc refer to tetrahedral and octahedral sites, respectively.

4. Conclusion
Thin �lms were prepared from an aqueous solution (Ni0.2Mn2.8−xCux)Cl2 (x = 0.010–0.040) via LFD. Films
with smooth surfaces were achieved when x≤0.030, and a heat treatment at 400 °C in air enabled the
crystallization of �lms with a cubic spinel structure. Cu doping quite effectively reduced the electrical
resistivity of nickel manganite �lms (ρ) from 6,300 to 200 Ω cm, but also signi�cantly decreased the TCR
from 3.21 to 2.38%K− 1. Interestingly, the TCR was improved by adding 0.01 mol Zn along with Cu,
accompanied by only a moderate increase in ρ. The Zn-added specimen with 0.020 mol Cu doping
exhibited TCR = 3.02% K− 1 and ρ = 880 Ω cm at RT, offering potential for infrared sensing applications.
Moreover, adding Zn increased the electrical stability, as the resistance drift reached 5.2% after aging at
150 °C in air for 500 h.
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Figures
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Figure 1

AFM images recorded from the surface of Zn-free and Zn-added as-grown �lms with x = 0.000, 0.015, and
0.025.
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Figure 2

FE–SEM images of the Zn-free as-grown �lms with high levels of Cu in solution: (a) x = 0.030, (b) 0.035,
and (b) 0.040. (d) Cross-sectional FE–SEM image of the �lm with x = 0.020.
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Figure 3

XRD patterns of (a) Zn-free and (b) Zn-added �lms. (c) Enlarged tetragonal (221) peaks of Zn-free and
Zn-added �lms at x = 0.000.
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Figure 4

(a) Resistivity–temperature ( –T) curve, (b) plot of ln(R/T) versus (1000/T) for the Zn-free �lms,
examined as a function of x.

Figure 5

Dependence on the Cu substitution level (x) of the (a) RT resistivity ( ) and (b) absolute TCR of the Zn-
free and Zn-added �lms. The inset in �g. 5a shows the lowest resistivity values attained for the Zn-free
and Zn-added �lms within the investigated range of x.
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Figure 6

(a) Resistance drifts of �lms with and without added Zn after 500 h of aging at 150 °C in air. (b)
Resistance change history of the Zn-added �lm with x = 0.020.
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Figure 7

(a) XPS spectra in the Cu2p3/2 core level of (a1–2) Zn-free sample with x = 0.025 and (b1–2) Zn-added
sample with x = 0.020, examined before (top) and after (bottom) aging at 150 °C in air for 500 h.


