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ABSTRACT The electrical conduction mechanisms of Ni–Cr thin film resistor are demonstrated by dif-
ferent film thickness through scattering models fitting. The resistivity and temperature coefficient of
the resistance of Ni–Cr thin film are measured to investigate the influence of thickness with different
annealing temperature. Finally, an oxidation and atom inter-diffusion model was proposed to explain the
effects of film thickness on the electrical properties of Ni–Cr thin film resistor under different annealing
temperature.

INDEX TERMS Ni-Cr thin film, magnetron sputtering, conduction mechanism.

I. INTRODUCTION
With the demand of electronic devices increasing for
telecommunication, information and wearable technologies,
the logic device and passive component with high precision,
reliability properties have become more important in the
recent years. The function of resistor is to provide appre-
ciate current and divide the voltage, from which resistor
should have suitable stability against time and temperature
variation. One of the important characteristics for resistors is
low temperature coefficient of resistance (TCR) in electronic
circuits [1].
In order to have high stability and low TCR, the thin film

resistors are the most popular component in electronic cir-
cuits. Because the homogeneous resistive film is deposited by
sputtering technology, many researches have been reported
which focuses on resistive film’s material composition and
the sputtering and annealing conditions [2]–[9]. Typically
a Ni-Cr alloy has been developed as resistive film for
a thin film resistor, since it is provided with high electri-
cal resistivity and low TCR performance [10]. The resistive
characteristics of Ni-Cr thin film has been investigated and

dominated by the resistive film thickness and annealing
temperature [8]. The electrical properties of Ni-Cr is related
to electron scattering mechanisms which corresponding to
film thickness. However, a systematic research to deter-
mine the scattering mechanisms of carriers due to surface
scattering, grain boundary scattering and surface roughness
scattering in Ni-Cr films corresponding to electrical char-
acteristics has not yet been reported to achieve reliable
electrical and TCR characteristics.

A Ni-Cr thin film was prepared for a thin film preci-
sion resistor; resistivity complied with surface scattering
was fitting by Sondheimer’s model [11], grain bound-
ary scattering and surface roughness scattering were fit-
ting by the Mayadas-Shatzkes’s model [12] and Namba’s
model [13], [14] respectively. The resistivity and TCR
are measured to investigate the influence of different
Ni-Cr thin film thickness after various annealing temper-
ature. Finally, oxidation and atom inter-diffusion model
are proposed to explain the effects of thin film thick-
ness on the electrical properties of Ni-Cr thin film
resistor.
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FIGURE 1. The schematic diagram of thin film resistor structure.

II. EXPERIMENTAL SETUP
The experimental thin film resistor devices shown in Fig. 1
(a) were prepared as follows: Firstly, the silver conductive
material was printed on an alumina substrate. Then 10 to
200nm thickness of Ni-Cr thin film were deposited on the
silver-printed substrate by DC sputtering. The concentration
of Ni and Cr were about 1:1 by weight percentage analyzed
by Auger electron spectroscopy (AES) as shown in Fig. 1 (c).
After that all specimens were annealed in the temperature
range of 250◦C∼450◦C in nitrogen ambient for 5 hours.
Then, the laser trimming process of Ni-Cr resistive film
were done with serpentine pattern as shown in Fig. 1 (b) to
obtain a specific
resistance value for electrical measurement. The TCR char-

acteristics of thin film resistors were measuring the resistance
using a digital multimeter (Hioki RM3542) at 125oC and
room temperature, and were calculated using Equation (1):

TCR(ppm/oC) = { (RT − R25)/R25(T − 25)}x106 (1)

where RT and R25 are the film resistance measured at
temperature 125◦C and 25◦C.
The thickness of the Ni-Cr thin film was measured using

an N&K analyzer.

III. RESULTS AND DISCUSSION
A. ELECTRICAL CONDUCTION MECHANISM
The Mathiessen’s rule assumes the scattering hypothesis for
film resistivity. It must be considered that film surface and
film-to-substrate interface scattering when the film thickness
approaches the value of the electron mean free path (MFP).
The Sondheimer’s model for a continuous single crystalline
film can be express as Equation (2) because the resistivity
ρ is the ratio of 1/σ :

ρf
/
ρo

=
[
d + 3λ

8
(1 − P)

]
1

d
(2)

where ρf is the film resistivity and ρo is the bulk resistivity, λ
is the MFP of the conduction electron and the value 24.2 nm
for Ni-Cr thin film [15], d is the film thickness and P is the
specularity coefficient of 0.1 to 1.

FIGURE 2. (a) The Sondheimer’s model and (b) Mayadas-Shatzkes and
Namba’s models fit to Ni-Cr thin film resistivity data.

Fig. 2 (a) shows ρf /ρ0 versus d data plotted in film thick-
ness for d < 200 nm for the Sondheimer’s mode given in
Equation (2) by different values of the specularity param-
eter p. The film thickness d > 90 nm has the best match
when P = 0.6 between the data and the theoretical model.
This result proves that the other mechanisms must be con-
sidered because of the calculated resistivity does not match
the data for d < 90 nm.
The Mayadas-Shatzkes’s model of curves calculated is

shown in Fig. 2(b) that given in Equation (3) with P = 0.6.
When R = 0.4 and λ / D = 0.85λ / d a better fit was found
with the result as film thickness d was 65 nm to 90 nm.
However, for film thickness d < 65 nm, the values are not
matched to the resistivity result.
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The Namba’s model results are also plotted in Fig. 2 (b).
Besides the effect of surface and interface scattering, the
surface roughness is correlated between the model and the
resistivity result is achieved. The best fit was with the values
of p = 0.6 and h = 9nm and the result of 9 nm is better
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FIGURE 3. (a) The resistance and (b) TCR of different NiCr thin films
thickness annealed at various temperature.

agreed with using Namba’s model in Equation (4):
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The electrical conduction mechanism of scattering for Ni-Cr
thin film can be summarized as follows:
The discontinuous film with high resistivity is for d <

10 nm.
The surface roughness scattering is for d = 10∼65 nm.
The grain boundary scattering is for d = 65∼90 nm.
The surface scattering is for d = 90∼150 nm.
The bulk conductivity is for d > 150 nm.

B. ELECTRICAL PROPERTY
Fig. 3 (a) shows the resistance of Ni-Cr film annealed
at various temperatures for 5 hours in nitrogen ambient.
In Fig. 3 (a), the resistance decreased with the increase in
Ni-Cr film thickness of as-deposited film. After annealing
process, the resistance increased with the increase in anneal-
ing temperature at a Ni-Cr film thickness thinner than 90 nm;
when the Ni-Cr film thickness was thicker than 90 nm,
the resistance was slightly decreased with the increase in
annealing temperature. At Ni-Cr thin film is around 90 nm

FIGURE 4. AES result of Ni-Cr film annealed at 350◦C.

thickness, the resistance is at fixed resistance value after
various annealed temperature.
Fig. 3 (b) shows the TCR value of Ni-Cr thin films

annealed at various annealing temperatures in nitrogen ambi-
ent for 5 hours. In Fig. 3 (b), when the thickness of the Ni-Cr
film is less than 90 nm, the TCR increased with the increase
in annealing temperature. When the thickness of the Ni-Cr
film is thicker than 90 nm, the TCR decreased slightly with
the increase in annealing temperature. At Ni-Cr thin film is
around 90 nm thickness, the TCR value is at fixed value
after various annealing temperature treatment.
As the thickness of Ni-Cr thin film is thinner than 90 nm,

the as-deposited film is at island growth stage, after anneal-
ing process, the island film coalesced together and enlarged
the distance of each island. Moreover, the oxygen can diffuse
into the inter-space of island and oxide the thin film, leading
to the resistance of Ni-Cr thin film increased. The electron
transport between islands involves the hot electrons emis-
sion and acceptance through the barrier of the inter-island
in the film. The scattering of electrons at imperfections is
significant and strong dependent on temperature, so the TCR
increased obviously.
As the thickness of Ni-Cr thin film is thicker than 90 nm,

the as-deposited film is continuous film, the oxygen atoms
entering into the Ni-Cr thin film was reduce and formed
a Cr2O3 oxidation layer on the surface of Ni-Cr film dur-
ing annealing process. The crystal grain combines to form
a larger crystal grain. The surface area and the surface poten-
tial of the grain decreased, thus, the resistance of Ni-Cr
film decreased. The TCR change was impacted by atom
inter-diffusion in thin film. Fig. 4 shows the AES result of
Ni-Cr film annealed at 350◦C. The Cr2O3 oxidation layer is
increasing after annealing process. The concentration ratio
of Cr to Ni at surface is higher than the ratio of Cr to Ni
of the as-deposited Ni-Cr film shown in Fig. 1 (c). This is
because the Cr diffuse out to form Cr2O3 layer, then, Ni
fill in the vacancies generated by Cr diffusion. This caused
higher Ni concentration in the conductive layer. Thus, the
TCR decreased with the increase in annealing temperature.
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FIGURE 5. Conduction models of NiCr thin film with different thickness
after annealing process.

As the Ni-Cr thin film is at around 90 nm thickness, the
condensation effect was occurred. After annealing process,
the Cr2O3 oxidation layer formed on the surface of Ni-Cr
thin film and also the inner large grain forming, leading to
resistance at a fixed value. The atom inter-diffusion in Ni-Cr
thin film, the Ni atom is at a specific concentration due to
Cr being diffused out and forming Cr2O3 under various
annealing temperature, leading to TCR is at fixed value.

Base on the electrical analysis, the conduction models
were proposed to explain the conduction mechanisms of
Ni-Cr thin film with different film thickness (Figure 5). The
oxidation and the atom inter-diffusion in Ni-Cr thin film can
be controlled by different thin film thickness with various
annealing temperature to achieve the TCR value equal to
near-zero.

IV. CONCLUSION
Ni-Cr thin films with different thicknesses were fabricated
using DC sputtering and annealed at different temperatures.
The conduction scattering mechanisms of the surface rough-
ness, grain boundary scattering and surface scattering were
demonstrated relative to d = 10∼65 nm, d = 65∼90 nm
and d = 90∼150 nm, respectively. The resistivity and TCR
of Ni-Cr thin film was measured. The results show that they
were influenced by the thickness and the annealing temper-
ature. The resistance and TCR increased with the increase in
annealing temperature for Ni-Cr film thicknesses less than
90 nm. For film thicknesses thicker than 90 nm, the resis-
tance and TCR decreased with the increase in annealing
temperature. These phenomena were due to oxidation and
the atom inter-diffusion in Ni-Cr thin films. Base on this
model, it is believes that the near-zero TCR of Ni-Cr thin
film resistor can be realized.
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