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A B S T R A C T

Comprehensive understandings for the resistivity−temperature behavior of high-entropy alloy (HEA) films is
crucial for assessing their potential as thin-film resistive materials. But due to the great difference between the
structure of bulk and film materials, the resistivity−temperature behavior of the bulk HEAs cannot be directly
introduced to understand the evolution law of the resistivity of HEA films with temperature. The present work
investigated the resistivity change with temperature from room temperature to 1078 K of AlxCoCrFeNi (x = 0.7,
1.0) HEA films composed of face- and body-centered-cubic phases, and compared it with that of bulk HEAs with
similar compositions. It was found that the AlxCoCrFeNi HEA films exhibit the ultralow temperature coefficient
of resistance (TCR) within a range of± 10 ppm/K, and their resistivity is tunable over a wide range from
191.8 μΩ∙cm (x=1.0) to 535.9 μΩ∙cm (x= 0.7), which is beyond the reach of conventional alloy films. For both
the film and bulk AlxCoCrFeNi HEAs, the resistivity−temperature behaviors exhibit similar characteristics of
high resistivity and low TCRs before phase transitions, and can be described by the equation,
ρ = b0 + b1T(1 − b2T2), with the consideration of the phonon scattering and the s-d scattering effect in
transition metals. The multi-principal element mixing feature of HEAs will open up more approaches to optimize
the properties of thin-film resistive materials.

1. Introduction

With the rapid development of the info-communication, aerospace,
and precision measurement industries, the requirements are becoming
more rigorous for electronic components in terms of accuracy, relia-
bility, and integration. Thin-film resistors as basic electronic compo-
nents also face an increasing demand. The thin-film resistive materials
generally exhibit high resistivity accuracy and a small temperature
coefficient of resistance (TCR) (i.e., good temperature stability).
Furthermore, a wide range of tunable resistivity and higher application
temperatures are also being pursued [1–4]. Disordered concentrated
solid-solution alloys with solutes greater than 5 at.% (atomic percent)
[5] are preferred for thin-film resistive materials owing to their high
resistivity (~102 μΩ∙cm), low TCRs (within± 103 ppm/K) [6], and
large ranges of application temperature (the highest disorder–order
transition temperature can be up to 573 K [7]). The most typical

disordered concentrated alloys are alloys containing transition metals
[6]. However, the resistivity ranges are relatively limited for alloys
composed of transition metal elements alone. Currently, their nitrides,
oxides, and silicides are used to substantially improve the resistivity,
but the cost and complexity of the preparation process are also in-
creased [8–11].Therefore, one of the key problems is to find an ex-
cellent performance and economic disordered concentrated alloy.

High-entropy alloys (HEAs) which have been widely explored in
recent years generally possess simple solid-solution structures, and thus
are also regarded as solid-solution alloys with extremely high con-
centrations and complexity [5, 12–14]. From this viewpoint, HEAs
should have giant potentials in the applications as thin-film resistive
materials. However, literatures on the resistivity–temperature behavior
of HEAs have mainly focused on bulk alloys, and have already proved
that the bulk HEAs have relatively-high resistivity and low TCRs
[15–19]. For instance, the most studied AlxCoCrFeNi (0 ≤ x ≤ 2) HEAs
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have room temperature (RT) resistivity ranges between 90 and
200 μΩ∙cm; meanwhile, the resistivity increases slowly with tempera-
ture as well as exhibits a nearly-linear manner from 4 to 400 K with
TCRs in the range of 10–103 ppm/K [15,16]. For the HEAs, the severe
lattice distortion caused by the atoms random distribution is considered
to be the main reason for the high resistivity. Namely, the atoms ran-
domly occupy at the lattice sites, which causes asymmetric surround-
ings for each atom and the differences in size and bond energy between
different neighboring atoms, eventually results in atoms deviation from
the lattice sites at different positions. Thus the strong scattering of
electrons by lattice distortion inevitably lead to high resistivity [20].

Shafeie et al. [19] studied the resistivity–temperature behavior of
bulk AlxCoCrFeNi (1 ≤ x ≤ 3) HEAs from 5 to 1200 K, established the
strong correlation of the ultralow TCR with the underlying micro-
structure and local composition, and indicated that the negative TCRs
are strongly related to the particle-size distribution and the Kondo
temperatures. However, the grain sizes of the AlxCoCrFeNi HEA films
are generally small due to the constraint of preparation methods. For
instance, the width of columnar grains in the films prepared by mag-
netron sputtering are only of several tens nanometers since the film
deposition can be considered as an instantaneous cooling process [21].
Therefore, the spinodal decomposition and the coherent precipitation
occurred in the bulk AlxCoCrFeNi HEAs are not observed in the HEA
films, and the results of bulk HEAs cannot be directly used to explain
the resistivity–temperature behavior of HEA films. However, for the
application prospect of HEAs as thin film resistors, it is necessary to
understand not only the source of electrical resistance in the films, but
also the resistivity–temperature behavior.

Currently, only a few reports [22–25] are available related to the
resistivity–temperature behavior of HEA films. For the crystalline-phase
AlxCoCrCuFeNiTiy HEA films [22], the resistivity was measured from
RT to 573 K for two cycles. The TCRs (~1000 ppm/K) were only cal-
culated in the second cycle, and the sharp resistivity decline with in-
creasing temperature in the first cycle causing by whether the ordering
or phase transitions was not discussed. For the amorphous BNbTaTiZr
HEA film [23], the negative TCRs observed over the whole temperature
range (225–400 K) was believed caused by the thermal expansion and
activation effects. While the TCR study of the amorphous AlCrNiSiTa
and NiCrMnYNbx HEA films [24,25] measured by the ex-situ method
showed that the TCR shifted from negative to close to zero, which was
attributed to crystalline and oxidation.

Magnetron sputtering has attracted more attention since this tech-
nique could prepare many species of thin films including refractory
alloy films and composite films, which is an important thin film de-
position technology in industry applications due to its good film-
forming ability, high efficiency, low substrate temperature and good
film adhesion. In particular, magnetron sputtering can ensure the films
composition homogeneity; meanwhile, the films stoichiometry can be
easily controlled by varying the chemical composition of a given target
and the process parameters during sputtering [26], which made it be-
come an optimal choice for the preparation of multi-component alloy
films. For instance, Feng et al. [27] prepared a series of AlxCoCrFeNi
HEA films on the Si substrate by direct current (DC) magnetron sput-
tering and found that extremely thin nanotwins induced by plastic
deformation can enhance their strain rate sensitivity, although soft-
ening the films. In Liao's work [28,29], the AlxCoCrFeNi HEA films on

the Si substrate with different thickness were prepared by radio fre-
quency (RF) magnetron sputtering. The high hardness of the films is
ascribed to the formation of nanocrystal structure inside the thin films
and the preferred growth orientation.

In summary, in the present paper, the AlxCoCrFeNi HEA films
(x = 0.7 and 1.0) will be prepared by magnetron sputtering and the
resistivity evolution from RT to 1078 K will also be studied. Then the
resistivity–temperature behavior of the HEA films will be compared to
that of bulk HEAs with similar compositions. Finally, the source of re-
sistance in the HEA films and the mechanism of resistivity evolution
with temperature will be analyzed. The research will not only con-
tribute to a more comprehensive understanding of the essential prop-
erties of HEA films, but also of great significance for expanding their
applications.

2. Experimentals

2.1. Materials preparation

Three AlxCoCrFeNi HEA films were deposited on the single-crystal
Si (100) substrates using a JGP450 magnetron-sputtering system. All
the as-deposited films show high brightness (The films have high re-
flectivity. The reflectivity of the Al0.6CoCrFeNi HEA film is within the
range of 35–55% from visible to near-infrared band) and good adhe-
sion. The sputtering target with the diameter of 75 mm was prepared by
arc-melting with a fixed composition of
Al12.5Co21.875Cr21.875Fe21.875Ni21.875 unit in at.%, and the purity of each
component was no less than 99.9 at.%. The substrate rotated in a
constant speed of 10 r/min., and the working distance was about 10 cm.
The base pressure of the chamber was lower than 4.0 × 10−4 Pa before
pure Argon was added. The flow rate of the Argon was set at 10.0
standard cubic centimeters per minute (sccm) to keep the working
pressure at around 1.40 Pa. The temperature of the substrate raised not
exceeding 50 °C during the sputtering process.

The sputtering parameters for each film were listed in Table 1.
Power supplies (radio frequency (RF) or direct currents (DC)) and time
were adjusted for each sputtering process, and the power remained at
100 W. An RF power supply was used for the 30 and 90 min. sputtering,
whereas a DC power supply for the 60 min. sputtering. Table 1 also
gives the film compositions measured by the electron probe micro-
analyzer (EPMA-1600, Kyoto, Japan), as well as the film thicknesses
(measured by a profilometer (ET4000M, Kosaka, Japan)). It can be seen
that the film compositions and thicknesses change with the sputtering
parameters, whereas the differences between the actual film composi-
tions and that of the sputtering target are mainly due to different
sputtering thresholds and rates among these elements. The film com-
positions were used to calculate the molar proportions of the three
films, which are approximately as AlCoCrFeNi, Al0.7CoCrFeNi, and
Al0.7CoCrFeNi, respectively. Since the latter two are too close to be
differentiated, different types of power supplies were added to the
molar proportions as a distinction, as shown in Table 1,which are re-
ferred to as "AlCoCrFeNiRF, Al0.7CoCrFeNiDC, and Al0.7CoCrFeNiRF".

The two bulk AlxCoCrFeNi HEAs were synthesized by arc melting.
The raw elemental metals Al, Co, Fe, and Ni had the purity of 99.99 at.
% and Cr of 99.9 at.%. Alloy ingots were re-melted at least four times to
ensure chemical homogeneity, and then were copper-mold suction-

Table 1
Sputtering parameters, thicknesses, and compositions of the AlxCoCrFeNi HEA films.

Sputtering parameters Thickness (nm) Composition (at.%) Molar proportion
Power supply Time (min) Power (W)

radio frequency 30 100 205 Al20.85Co21.21Cr18.89Fe18.38Ni20.67 AlCoCrFeNiRF
direct current 60 100 520 Al14.44Co21.97Cr20.28Fe20.54Ni22.77 Al0.7CoCrFeNiDC
radio frequency 90 100 570 Al14.25Co22.74Cr21.45Fe19.81Ni21.75 Al0.7CoCrFeNiRF
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casted into cylindrical rods with a diameter of 6 mm. The mass loss
during the preparation process was less than 0.1%. The compositions
(at.%) of the two bulk HEAs are Al15.63Co21.09Cr21.09Fe21.09Ni21.09 and
Al18.75Co20.31Cr20.31Fe20.31Ni20.31, which are referred to as "Bulk-
Al0.74CoCrFeNi, and Bulk-Al0.92CoCrFeNi", also by their respective
molar proportions.

2.2. Characterization

The structures of the films and bulk alloys were analyzed using two
different x-ray diffractometers (XRD, Bruker D8 Discover, the grazing
incidence mode with an incident angle of 1°; Bruker D8 Focus, the θ–2θ
mode, Karlsruhe, Germany). To perform the microstructural char-
acterization for the films, both the in-plane and cross-sectional thin-foil
specimens of the films (wedge-shaped, thickness on one side was less
than 5 μm) were prepared by mechanical milling, and then were
thinned by ion milling at RT to about 30 nm. The prepared specimens
were observed by a transmission electron microscope (TEM, JEOLJEM-
ARM200F, 200 kV, Kyoto, Japan). The high-resolution (HR) and scan-
ning transmission electron microscopy (STEM) imaging were con-
ducted, and the in situ energy-dispersive x-ray spectroscopy (EDS) of
the TEM was used for analyzing the elemental distributions. The
hardness of the films were measured by a nano-indenter (MTS XP,
Berkovich indenter, Minnesota, USA), and the same strain rate was
maintained for all loading processes. A four-point probe tester (RTS-9,
Guangzhou, China) was employed to obtain the RT resistivity of the
films. The resistivity–temperature measurements were carried out with
a thermal resistance tester (TRT-1000, Wuhan, China). The films and
bulk alloys were heated from RT to 1078 K with a constant heating rate
of 10 K/min., and then were cooled with the furnace in vacuum to RT.

3. Results

3.1. Microstructural characterization of film and bulk HEAs

Fig. 1 presents the XRD patterns of the film and bulk AlxCoCrFeNi
HEAs. The Bulk-Al0.74CoCrFeNi alloy is mainly composed of the body-
centered-cubic (BCC) and B2 phases, and contains a small amount of
the face-centered-cubic (FCC) phase, whereas the Bulk-Al0.92CoCrFeNi

alloy is only composed of the BCC and B2 phases. However, the films
only present one wide diffraction peak at around 44°, causing it unable
to determine the phase constitution. Further analysis combining the
TEM results is necessary and the results show that the three films ex-
hibit consistent characteristics, the uniform thickness, and the smooth
and clear film–substrate interface. Fig. 2(a) presents the in-plane
bright-field image with the corresponding selected-area electron dif-
fraction (SAED) pattern of the AlCoCrFeNiRF film. The film exhibits
good crystallization and is composed of columnar grains with the dia-
meter around 20 nm. The SAED pattern shows that the films are com-
posed of the FCC and BCC phases. The HRTEM images for investigating
nanocrystals in the Al0.7CoCrFeNiDC film are displayed in Fig. 2(b).
Only the FCC and BCC phases were found after analyzing the fast
Fourier transform (FFT) spectra in multiple areas, further confirming
the structures of these HEA films. Fig. 2(c) presents a dark-field cross-
sectional STEM image of the Al0.7CoCrFeNiDC film, along with the EDS
mappings of each element in the same area. The element Al, Co, Cr, Fe,
and Ni distribute randomly in the film, which agrees well with the
chemical disorder of HEAs.

Since the transition of FCC → BCC → B2 in the AlxCoCrFeNi HEAs is
essentially a process of ordering [30–36]. Thus, the abovementioned
AlxCoCrFeNi HEA films with the FCC and BCC phases are more dis-
ordered than the bulk HEAs consisted mainly of the BCC and B2 phases.
Crystalline structures of film and bulk alloys can be very different even
with similar compositions owing to the preparation methods. In theory,
film deposition can be considered as an extremely-rapid quenching
process; that is, instantaneous cooling from a temperature at or above
the melting point of the alloy to the substrate temperature [21].
Therefore, the AlxCoCrFeNi films did not have enough time to undergo
the disorder–order transition.

3.2. Hardness and elastic-modulus analysis

Fig. 3 displays the load–displacement curves of the AlxCoCrFeNi
HEA films with different indentation depths, in which the maximum
displacement for the AlCoCrFeNiRF film is 200 nm considering its
thickness (205 nm), and those for the other two films are 300 nm. For
each film, the loading parts of the curves with different maximum
displacements all show good repeatability, indicating the excellent
uniformity of these films. The 100 nm curves with the minimal sub-
strate interference were selected to compare the loading processes of
the three films. As presented in the enlarged graph at the top left of
Fig. 3, the loading part of the Al0.7CoCrFeNiDC film stayed at the lowest
throughout the whole process, which means that its hardness and
elastic modulus are the smallest among three. The loading parts of the
AlCoCrFeNiRF and Al0.7CoCrFeNiRF films almost overlapped at first, but
then the latter gradually exceeded the former as the displacement in-
creased.

Fig. 4(a) and (b) present the hardness– and modulus–displacement
curves of the HEA films, respectively. To avoid the substrate inter-
ference, the hardness and modulus of each film were obtained at the
displacement where equals 1/7th of the thickness. The hardness
(10.25 ± 0.74 GPa) and modulus (208 ± 9.7 GPa) of the
Al0.7CoCrFeNiRF film are the highest among the three films, whereas the
Al0.7CoCrFeNiDC film has the lowest hardness (7.13 ± 0.79 GPa) and
modulus (181 ± 11.2 GPa), although these two films have very similar
compositions and thicknesses. This behavior can be explained by the
growth rate of the films calculated from the sputtering time and
thickness. The growth rate of the Al0.7CoCrFeNiDC film is 8.7 nm/min.,
and those of the AlCoCrFeNiRF and Al0.7CoCrFeNiRF film are 6.8 nm/
min. and 6.3 nm/min., respectively. It is obvious that the
Al0.7CoCrFeNiDC film grew much faster than the other two films, which
leads to its relatively-loose structure, and thus explains its minimum
hardness and modulus. The differences between the growth rates of
these films are mainly attributed to the sputtering power supplies (DC
and RF). Judging from the results, although DC magnetron sputteringFig. 1. XRD patterns of the film and bulk AlxCoCrFeNi HEAs.
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also is a successful coating technique, it suffers from fundamental
problems, such as low target utilization and target poisoning during
reactive sputtering, which results in process instabilities and poor de-
position rates [37]. In comparison, RFmagnetron sputtering is ad-
vantageous to obtain AlxCoCrFeNi HEA films with higher hardness and
moduli. In the comparative study of Al2O3 films, Cremer et al. [38]
founded that the hardness of DC sputtered films is significantly lower
than that of the RF sputtered films. In the works of Tan et al. on the
CrNx films, similar behavior of hardness between DC and RF sputtered
films was also observed, which was believed mainly due to the distinct
difference between the dense structure (RF process) and the porous
structure (DC process) [39].

The formation of the B2-phase precipitates is the main reason for
the high-temperature aging hardening of AlxCoCrFeNi HEAs. For ex-
ample, in an Al0.3CoCrFeNi alloy, a large amount of B2-phase pre-
cipitates formed after the heat treatment at 973 K for 24 h, resulting in
a 65% increase of the hardness, compared with that of the as-cast state
[40]. At room temperature, the hardness of the bulk AlxCoCrFeNi HEAs

Fig. 2. Microstructures of the AlxCoCrFeNi HEA films. (a) The bright-field in-plane TEM morphology of the AlCoCrFeNiRF film and the corresponding SAED pattern.
(b) The HR images, the corresponding FFT spectra and filtered HR images of the FCC and BCC structures in the Al0.7CoCrFeNiDC film. (c) The dark-field cross-
sectional STEM morphology of the Al0.7CoCrFeNiDC film and the EDS mappings of each element in the same area.

Fig. 3. Load−displacement curves of the AlxCoCrFeNi HEA films. The max-
imum displacement of the AlCoCrFeNiRF film is 200 nm considering its thick-
ness (205 nm), and those of the other two films are 300 nm. The enlarged graph
of the 100 nm curves of the three films is displayed at the top left of this figure.

Fig. 4. The hardness, elastic modulus, and SEM surface morphologies of the
AlxCoCrFeNi HEA films. (a) The hardness−displacement curves. (b) The
modulus−displacement curves. The hardness and modulus of each film were
obtained at the displacement which equals 1/7th of the thickness. (c) The SEM
secondary-electron images of the in-plane surface morphologies.
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generally increases with the Al content, which is also caused by the
increase of the amounts of the hardening BCC and B2 phases. For in-
stance, the as-cast bulk AlxCoCrFeNi alloys (x = 0.5 and 0.75) are both
consisted of the FCC and BCC phases. However, as the Al content in-
creased, the Al0.75CoCrFeNi alloy has a larger amount of the BCC phase,
resulting in its Vickers hardness more than 200 kgf/mm2 higher than
that of the Al0.5CoCrFeNi alloy [30]. However, comparing the film and
bulk AlxCoCrFeNi HEAs in this paper, the HEA films have the hardness
in the range between 7.13 ± 0.79 to 10.25 ± 0.74 GPa. The hardness
of the Bulk-Al0.74CoCrFeNi alloy is 5.18 ± 0.11 GPa, and that of the
Bulk-Al0.92CoCrFeNi alloy is 5.20 ± 0.09 GPa. Although the bulk HEAs
contain higher amounts of the hardening BCC and B2 phases than the
HEA films, their hardness is still much lower, which is because the HEA
films are composed of nanocrystals. Another trend worth mentioning is
that the Al0.7CoCrFeNiRF film with a lower Al content has higher
hardness than the AlCoCrFeNiRF film, which exhibits an opposite be-
havior, compared with the bulk HEAs mentioned in the literature [30]
above. This trend indicates that apart from the Al content, the film
hardness is also affected by multiple complex factors, such as the
thickness and internal stress.

Fig. 4(c) displays the SEM secondary-electron images of the in-
plane surface morphologies of the AlxCoCrFeNi HEA films. The surface
of the AlCoCrFeNiRF film is relatively uniform and consistent, whereas
many scattered microcracks appear on the surface of the
Al0.7CoCrFeNiDC and Al0.7CoCrFeNiRF films. The formation of micro-
cracks on these two films is mainly attributed to the relatively-high
internal stress caused by the larger thickness (more than 200 nm thicker
than the AlCoCrFeNiRF film). Compared with those in the
Al0.7CoCrFeNiDC film, the microcracks in the Al0.7CoCrFeNiRF film are
larger, which indicates that the Al0.7CoCrFeNiRF film has even the
higher internal stress than that of the Al0.7CoCrFeNiDC film. Overall,
among the three films, the Al0.7CoCrFeNiRF film possesses the rela-
tively-compact structure and high internal stresses, which will ob-
viously leads to its highest hardness.

3.3. The resistivity–temperature behavior

The resistivity–temperature curves of the AlxCoCrFeNi HEA films
are presented in Fig. 5. Depending on the variation range of resistivity,
the curves can be divided into two stages. From RT to 565 K, where
resistivity changed very little with temperature, especially for the two
films prepared by the RFmagnetron sputtering, their resistivity almost
remained constant, whereas the resistivity of the Al0.7CoCrFeNiDC film
showed a slight upward then downward trend. Therefore, if considering
the stability of resistivity, the HEA films prepared by the RF magnetron

sputtering displayed the better performance than that prepared by the
DC magnetron sputtering. In the second stage from 565 K to 1078 K, the
resistivity of the three films started to drop at almost the same tem-
perature around 565 K and decreased dramatically, and then eventually
reached near the same value of 20 μΩ∙cm at 1078 K. The resistivity of
the Al0.7CoCrFeNiDC film displayed the largest decrease, dropping from
505.9 at 565 K to 81.4 μΩ∙cm at 873 K. To exclude the possibility that
the resistivity decrease of the HEA films is caused by the growth and
aggregation of crystal grains, the resistivity change of a nanocrystalline
copper film prepared by magnetron sputtering was also measured in the
same condition and displayed in Fig. 5 for comparison. Unlike the HEA
films, the resistivity of the copper film increased slowly within the
whole temperature range, indicating that the decrease of the resistivity
caused by the grain growth during heating did not dominate the re-
sistivity–temperature behavior of the films. In addition, diffusions in
HEAs can be much slower than that in pure metals [13]. Therefore, the
resistivity decrease of the HEA films is even more unlikely to be caused
by the grain growth.

For the resistivity–temperature curves of the two bulk AlxCoCrFeNi
HEAs, as also shown in Fig. 5, their resistivity slowly increased from RT
to 1078 K, which is obviously different from the behavior of the HEA
films. On closer inspection, as shown in the magnified view of the
curves of bulk HEAs at the top right of Fig. 5, the resistivity maintained
a stable increasing trend until about 723 K when disturbances appeared
and the curves deviate from their original trend. Then at around 873 K,
a sudden small increase appeared.

4. Discussion

4.1. The first stage of resistivity–temperature behavior

1) TCRs of the film and bulk AlxCoCrFeNi HEAs

According to Fig. 5, in the first stage where resistivity maintained
the initial trend and changed slowly, that is, from RT to 565 K and to
723 K for the film and bulk AlxCoCrFeNi HEAs, respectively, TCRs of
the film and bulk AlxCoCrFeNi HEAs are calculated by the following
formula:

=
−

−

ρ ρ
ρ T T

TCR
( )

( )
T R

R R (1)

where ρR and ρT are the resistivity at RT and at another temperature,
respectively. For the AlxCoCrFeNi HEA films, from RT to 565 K, the
TCRs fluctuate in a small range and near zero (–27 to 36 ppm/K),
especially the Al0.7CoCrFeNiRF film (−10 to 2 ppm/K). For the bulk
AlxCoCrFeNi HEAs, the Bulk-Al0.74CoCrFeNi and Bulk-Al0.92CoCrFeNi
alloys have small positive TCRs range between 25 and 55 ppm/K from
RT to 723 K.

Based on the conductivity study of concentrated disordered alloys
(such as NiCr alloys), an important conclusion had been drawn by
Mooij [6] that these alloys generally possess large resistivity and small
or even negative TCRs. More importantly, at least one transition metal
element is contained, and the crystal structure of the alloys has little
influence on their resistivity–temperature behavior. The correlation
between high resistivity and small TCRs is in accord with the saturation
effect in the electron transport, and this effect had already been ex-
plained by Cote and Meisel [41,42]. When considering the electro-
n–phonon interactions, phonons with wavelengths exceeding the elec-
tron mean free path can be regarded as ineffective electron scatterers,
namely, there exists a limiting resistivity when the electron mean free
path approaches the interatomic spacing. For both crystalline and
amorphous alloys, the resistivity (ρ) can be expressed by the equation
[42]:

= − +
−ρ γ ρ ρ e(1 ) ip

W
0

2 *
(2)

Fig. 5. The resistivity−temperature curves. The film and bulk AlxCoCrFeNi
HEAs and a copper film for comparison are included. A magnified view of the
curves of bulk HEAs is displayed at the top right of this figure.
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where (1 − γ)ρip is the inelastic (phonon) scattering term, γ = 2π/ΛqD,
Λ is the electron mean free path, qD is the Debye wave vector, and ρip is
the ideal one-phonon resistivity (Λ → ∞). ρ0e−2W* is the elastic
(structure) scattering term, where ρ0 is the residual resistivity at
T = 0 K, e − 2W* is the Debye–Waller factor with an averaged De-
bye–Waller exponent, 2W*. If the initial resistivity is large, Λ will be
small and will lead to a large γ, indicating that the phonon scattering
term (1 − γ)ρip in Eq. (2) with a positive TCR will decrease. Small or
even negative TCRs might occur when the initial resistivity is large
enough. On the other hand, if the initial resistivity reaches its limit,
according to Eq. (2), the term, (1 − γ)ρip, no longer changes with
temperature, and the effect of the Debye–Waller factor,e − 2W*, on ρ0
becomes smaller as the temperature increases. That is, whether the
resistivity is dominant by phonon or structure scattering, it is a common
feature for high-resistivity alloys that the saturation effect exists;
namely, their resistivity becomes essentially independent of tempera-
ture [42]. For the AlxCoCrFeNi HEAs, both the film and bulk alloys have
the high RT resistivity (the initial resistivity). Therefore, their TCRs are
no longer large positive values, but instead fluctuate in a small range
(± 50 ppm/K) near zero.

2) Reasons for the high initial resistivity

According to the model given by Mott and Jones [43], the resistance
of a metal is originated from the scattering of electrons by phonons,
impurities or defects, and other electrons. All factors that increase the
scattering will lead to the raise of resistivity. There are two main rea-
sons for the AlxCoCrFeNi HEAs having high initial resistivity (RT re-
sistivity). One is the severe lattice distortion caused by chemical dis-
order; the strong scattering of electrons leads to the high resistivity. The
other is the s-d scattering effect in transition metals.

The AlxCoCrFeNi HEAs contain four transition metal elements of Co,
Cr, Fe, and Ni with the whole content higher than 80 at.%. Therefore,
the structure of these alloys can be regarded as a transition-metal ma-
trix with solutes of the non-transition metal (Al). Considering that Al
has a relatively-large atomic radius, and there exist sluggish diffusion
effects in HEAs [13], the resistivity caused by the Al solutes can be

approximately regarded as independent with temperature.
It is a characteristic for transition metals that the d band is unfilled,

and the conductive electrons include those from the unfilled d band and
the filled s band. The conductive s electrons will transfer to the d band
after scattering, which will decrease the electron mean free path and
therefore, increase the resistance [43]. This behavior (the s-d scattering
effect) contributes to the relatively-high resistivity of transition metals,
compared to noble or alkali metals.

There are also reasons for the AlxCoCrFeNi HEA films having higher
resistivity than the bulk HEAs; that is, the HEA films are composed of
nanocrystals and are more chemically disordered (proved in the mi-
crostructural characterization section).

If comparing the range of RT resistivity, for the bulk AlxCoCrFeNi
HEAs, as the Al content increased by x = 0.18, the resistivity only
changed about 10 μΩ∙cm. However, the resistivity of AlxCoCrFeNi HEA
films changed more than 400 μΩ∙cm as the Al content increased by
x = 0.3. The differences between them are due to the fact that the film
resistivity is affected by multiple factors, such as the composition, phase
constitution, thickness, and internal stress. For homogeneous bulk
materials, resistivity is an intrinsic property that does not change with
thickness. However, for the films deposited by physical vapor deposi-
tion such as magnetron sputtering, on the one hand, the nano columnar-
crystals have relatively small sizes in the early stage of deposition, and
can become slightly larger with the deposition time. Therefore, the
resistivity will decrease slightly with the increase of film thickness. On
the other hand, the sputtering thresholds and rates of these five ele-
ments of are different. The differences will gradually increase with the
sputtering time (film thickness), thus causing the varying compositions
of the films and lead to the change of resistivity. In our work, the dif-
ference of resistivity between AlCoCrFeNi and Al0.7CoCrFeNi films is
influenced by the above reasons. However, the resistivity of the
AlCoCrFeNiRF film with smaller thickness is far less than that of the
Al0.7CoCrFeNi film. Therefore, the different compositions between
these films caused by the change of film thickness is the main reason for
their different resistivity. The resistivity of Al0.7CoCrFeNiDC film is
higher than that of the Al0.7CoCrFeNiRF film although they have very
similar compositions and thicknesses. This behavior is mainly due to

Fig. 6. The resistivity−temperature curves fitted by the equation, ρ = b0 + b1T(1 − b2T2). (a) The fitted curves of the AlxCoCrFeNi HEA films from RT to 565 K. (b)
The fitted curves of bulk AlxCoCrFeNi HEAs from RT to 723 K.

Table 2
The fitted values of parameters, b0, b1, and b2, in the equation, ρ = b0 + b1T(1 − b2T2).

Sample b0 b1 b2

AlCoCrFeNiRF 130.668 ± 12.918 0.037± 0.005 9.997 × 10−7 ± 8.433 × 10−8

Al0.7CoCrFeNiDC 300.270 ± 26.802 0.949 ± 0.093 1.913 × 10−6 ± 3.916 × 10−8

Al0.7CoCrFeNiRF 390.624 ± 26.596 0.144 ± 0.092 2.056 × 10−6 ± 3.255 × 10−7

Bulk-Al0.74CoCrFeNi 88.787 ± 1.271 0.055 ± 0.004 5.605 × 10−7 ± 4.218 × 10−8

Bulk-Al0.92CoCrFeNi 95.059 ± 0.956 0.064 ± 0.003 5.401 × 10−7 ± 3.582 × 10−9
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the fact that DC magnetron sputtering can induce more defects com-
pared to RF magnetron sputtering [37]. Accordingly, the resistivity of
the AlxCoCrFeNi HEA films has a very expansive modulation space, and
the multi-principal element mixing feature of HEAs is well reflected in
this aspect.

3) Descriptions of the resistivity–temperature behavior

For transition metals, the temperature dependence of the resistivity
generated by the s-d scattering can be expressed as [43]:

∝ −
−

ρ T π T T( ) 1 ( /6)( / )s d
2

0
2 (3)

where kT0 = (E0 − EF), k is the Boltzmann's constant, E0 and EF are the
Fermi energies of the d band at the temperatures of 0 K and T, re-
spectively. It can be seen that ρs-d(T) decreases as the temperature in-
creases.

In the AlxCoCrFeNi HEAs, the resistivity due to electron−phonon
scattering is proportional to T. The scattering of electrons by impurities
or defects is approximately independent of temperature owing to the
difficulties of diffusion caused by the lattice distortion in HEAs.
Therefore, the resistivity of the AlxCoCrFeNi HEAs changing with
temperature can be described as:

= + −ρ b b T b T(1 )0 1 2
2 (4)

Eq. (4) can well fit the resistivity−temperature curves of film and

bulk AlxCoCrFeNi HEAs in the first stage, as shown in Fig. 6(a) and (b).
The fitting results confirm that the above analysis of the resistivity of
the AlxCoCrFeNi HEAs is correct, and the appearance of the small TCRs
is also explained, which is consistent with the saturation effect. The
fitted values of parameters in Eq. (4) are listed in Table 2. Coefficients
b1 and b2 are relatively small, indicating the good temperature stability
of the AlxCoCrFeNi HEAs.

4.2. The second stage of resistivity−temperature behavior

To investigate the dramatic resistivity decrease of the HEA films at
565 K and the sudden small increase of the bulk HEAs at 873 K in
Fig. 5, phase transitions need to be considered. The XRD patterns of the
AlxCoCrFeNi HEAs before and after the resistivity−temperature mea-
surements were compared. As shown in Fig. 7(a), the Al0.7CoCrFeNiDC
film with the FCC and BCC phases developed the B2 phase after heating.
In addition, the diffraction peak of the BCC phase shifted slightly to the
right, and the orientation of the FCC phase adjusted to (200). Seen from
Fig. 7(b), the diffraction peaks of the σ (P42/mnm, a = 0.88 nm,
c = 0.45 nm) and FCC phases appeared after heating for the BCC- and
B2-phases Bulk-Al0.92CoCrFeNi alloy. These results indicate that the
BCC → B2 transformation occurred in the HEA films during heating,
whereas for the bulk HEAs, the main phase transition is BCC →
σ + FCC.

Compared to the more close-packed FCC structure, the BCC struc-
ture is easier to diffuse when heated [33], which is the main reason why
most transitions originate from the BCC phase. A schematic is depicted
in Fig. 8 to illustrate the heat-induced BCC phase transitions in the
AlxCoCrFeNi HEAs. The lattice-site positions of the disordered BCC
phase are randomly occupied by atoms of the five elements with equal
or nearly-equal probabilities, showing the high disordering. The
BCC → B2 transformation takes place when Al atoms preferentially
occupy the body-center position of the disordered BCC unit cells, which
is essentially a process of ordering [36]. Since the lattice-distortion
degree has strong effects on the resistivity of AlxCoCrFeNi HEAs, and it
is mainly determined by the Al atoms due to the fact that the atomic
radius of Al (0.143 nm) is much larger than those of the other four
elements (0.124–0.128 nm). Therefore, the fixed positioning of Al
atoms in the BCC → B2 ordering transition greatly reduces the lattice
distortion, resulting in the dramatic resistivity decrease of the HEA
films observed in the second stage in Fig. 5. The disorder–order tran-
sition simultaneously causes the composition segregation. According to
the mixing enthalpies between Al and the other four elements [44]:
ΔHAl−Ni =−22 kJ/mol, ΔHAl−Co = −19 kJ/mol, ΔHAl−Fe =−11 kJ/
mol, and ΔHAl−Cr =−10 kJ/mol, Al atoms are more likely to attract Ni
and Co atoms as neighbors, since the ΔHAl−Ni and ΔHAl−Co are more
negative. Hence, the Al-rich B2 phase is also relatively rich in Ni and
Co, and the remaining BCC phase after the ordering transition contains
more Fe and Cr, which can be considered as the Fe- and Cr-rich BCC'
phase.

In the bulk HEAs where the B2 phase already exists, the BCC' phase
continues transforming into the σ phase (a disordered solid solution
composed almost entirely of Fe and Cr [45,46]), along with the Ni- and
Co-rich FCC phase during heating. This transition had been reported to
occur at around 873 K in bulk AlxCoCrFeNi HEAs [33,45], which is
consistent with the XRD results in this paper. In the transition of
BCC' → σ + FCC, because Cr diffuses faster than Co, Fe, and Ni in HEAs
[47], the precipitation of the σ phase is accelerated in the Cr-segrega-
tion areas [48]. Simultaneously, the Ni- and Co-rich FCC phase is
formed in the areas with the depleted Cr [33]. As mentioned above,
except for Al atoms, the atomic radii of the other four elements are very
similar, indicating that the segregation of Cr and Fe can hardly affect
the lattice-distortion degree. Therefore, the sudden small resistivity
increase at around 873 K of bulk HEAs in Fig. 5 corresponds to the
transition of BCC' → σ + FCC, and the resistivity only changed about
10 μΩ∙cm.

Fig. 7. Comparative XRD analysis before and after the resistivity−temperature
measurements. (a) XRD patterns of the Al0.7CoCrFeNiDC film. (b) XRD patterns
of the Bulk-Al0.92CoCrFeNi alloy.
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In many disordered alloys, such as Fe−Al [49] and Fe−Co−V [50]
alloys, as the temperature increases to the point that atom migration is
appreciable, leading to the long-range ordering, the resistivity changes
almost immediately when the ordering begins, and the ordering tem-
perature in disordered alloys is lower than 573 K in general. This be-
havior is markedly different from the short-range ordering, which
usually changes the resistivity in a certain temperature range [7]. The
rapid resistivity decline of the AlxCoCrFeNi HEA films at around 565 K
further confirms that their resistivity−temperature properties belong to
the category of disordered alloys.

4.3. Application potential of AlxCoCrFeNi HEA films

Fig. 9 presents the TCRs and resistivity of the AlxCoCrFeNi HEA
films, compared with multiple types of thin-films prepared by magne-
tron sputtering [51–57]. To allow accurate comparisons, the RT re-
sistivity of the HEA films was measured by the four-point probe tester.
When calculating the TCRs of the HEA films, the temperature range is

from RT to 398 K, and the resistivity was measured by the thermal
resistance tester.

For a certain kind of thin-films, no matter of metal alloys or cermets,
it is hard to keep the TCRs low while expanding the resistivity range
[1]. This trend is clearly showed in Fig. 9 for the TaN films [56]
(200–500 μΩ∙cm) and the NiCr (Mn, Zr) films [4] (350–500 μΩ∙cm)
with the relatively-large resistivity. As the resistivity of these films in-
creased to around 500 μΩ∙cm, the TCRs could not remain within±
50 ppm/K. Moreover, even without considering any kind of specific
alloy system, the resistivity of a thin film still lies in a certain limited
range if its TCR is near zero, as the relationship between the resistivity
and TCRs of thin films reported by Mooij [6]. The summarized data
from dozens of alloy systems reveal that when the resistivity of thin
films increased from 20 to 300 μΩ∙cm, the TCRs changed from a large
positive value (about 200 ppm/K) to a large negative value (about
−200 ppm/K). However, for the thin films with TCRs near zero
(within± 50 ppm/K), their resistivity is only concentrated in the range
of 100−200 μΩ∙cm.

Therefore, it is difficult for thin films to simultaneously possess low
TCRs and a wide range of tunable resistivity. However, seen from the
data of the HEA films in Fig. 9, the AlCoCrFeNiRF and Al0.7CoCrFeNiRF
films both have TCRs within±10 ppm/K, but their resistivity is more
than 300 μΩ∙cm different. It shows that the AlxCoCrFeNi HEA films can
still maintain low TCRs when their resistivity is modulated over a wide
range. Especially, the Al0.7CoCrFeNiRF film simultaneously possesses
high resistivity (535.9 μΩ∙cm) and an ultralow TCR (−5 ppm/K), which
is almost impossible to obtain for single-layer as-deposited thin films of
conventional-alloy systems. From the perspective of the preparation
process, the AlxCoCrFeNi HEA films only contain low-cost metal ele-
ments and the sputtering process is easy to control. In addition, the as-
deposited HEA films already have low TCRs without annealing or other
treatments, which can be another advantage for manufacturing thin-
film resistors.

In summary, the current work provides a comparative study on the
resistivity−temperature behavior of film and bulk AlxCoCrFeNi HEAs
with similar compositions. The HEA films with an ultralow TCR and
widely-tunable resistivity are presented, exhibiting the advantages over
conventional-alloy thin films. On this basis, the resistivity properties of

Fig. 8. Schematic of the BCC → B2 and BCC' → σ + FCC phase transitions in the AlxCoCrFeNi HEAs during heating. Spheres with shadow-pattern represent positions
randomly occupied by each element, and the solid sphere denotes the position preferentially occupied by Al atoms.

Fig. 9. TCRs and resistivity of the AlxCoCrFeNi HEA films, compared with
multiple types of thin-films prepared by magnetron sputtering [51–57]. The
resistivity of NiCrC* film was calculated from the sheet resistance and film
thickness given in the literature [57].
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larger composition ranges of the AlxCoCrFeNi HEAs and other HEA
systems still need to be explored further. The concept of multi-element
results in the highly-disordered characteristic of HEAs, stimulating
more potential for their properties. Furthermore, it will certainly pro-
vide larger development spaces and more ideas for the field of thin-film
resistive materials.

5. Conclusions

In this paper, the resistivity−temperature behaviors of the
AlxCoCrFeNi (x = 0.7, 1) HEA films prepared by magnetron sputtering
from RT to 1078 K are explained, and the differences of the behavior
between film and bulk HEAs with similar compositions are analyzed.
Main conclusions can be drawn as followed: The HEA films are com-
posed of FCC and BCC phases nanocolumnar grains, which are more
chemically disordered than that of the bulk AlxCoCrFeNi (x = 0.74,
0.92) HEAs with mainly the BCC and B2 phases. The re-
sistivity–temperature curves of the AlxCoCrFeNi film and bulk HEAs
can be divided into two stages and the dividing points are 565 K and
723 K, respectively. In the first stage, the resistivity changed slowly
with temperature, the correlation between high resistivity and small
TCRs of the HEAs is in accord with the saturation effect. After con-
sidering multiple factors, including the s-d scattering effects, the re-
sistivity–temperature curves of the AlxCoCrFeNi HEAs can be described
by the formula of ρ = b0 + b1T(1 − b2T2). In the second stage, the
resistivity shows an obvious change, for the HEA films, it decreased
dramatically due to the formation of the B2 phase during the dis-
order–order transition, while for the bulk HEAs, the sudden small in-
crease appeared at around 873 K, which corresponded to the transition
of BCC' → σ + FCC. The TCR of AlxCoCrFeNi HEA films maintain a low
value while the resistivity is modulated over a wide range. Particularly,
the Al0.7CoCrFeNiRF film simultaneously possesses high resistivity
(535.9 μΩ∙cm) and an ultralow TCR (−5 ppm/K). The advantage of
multi-elements of HEAs provides more potential and possibilities when
pursuing comprehensive properties.
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