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Abstract
Oxide-containing films were made by reactively sputtering a high-entropy alloy target of CrFeCoNiCu. We report on a wide 
range of changes to the electrical properties made by different heat treatments in oxidizing and reducing atmospheres, respec-
tively. We combine temperature-dependent Hall effect measurements down to 10 K to study the transport mechanisms and 
correlate that with structural measurements by x-ray diffraction and scanning electron microscopy. The measured/effective 
resistivity could be varied between 1.3 ×  10−4 Ω cm and 1.2 ×  10−3 Ω cm by post-deposition processing. The temperature 
coefficient of resistivity could be varied between − 1.2 ×  10−3  K−1 through 0 and to + 0.7 ×  10−3  K−1. The key to the varia-
tion is controlling the morphology and topology of the film. The conduction of charge carriers is dominated by the relative 
contribution of weak localization and alloy scattering by varying the degree of disorder in the metallic high-entropy alloy 
and its topology.

Keywords High-entropy alloy · thin film current transport · sputtering

Introduction

There has been an increasing interest in material science 
towards high-entropy alloys (HEA)1–4 that has been followed 
by a very large interest in high-entropy oxides (HEO).5–10 
The main applications of HEA have been as construction 
materials with specific properties.11,12 There has also been 
an increased interest in the oxidation of HEAs,13 which is 
motivated by the structural materials for varying environ-
ments. While most work on both HEAs and HEOs have been 

on bulk material, there has also been an increasing interest 
for making these materials as thin films.14,15 Hard coatings 
and corrosion-resistant coatings are important applications. 
Interest in HEAs and HEOs for various other industrial and 
technological applications have also appeared.6,16,17 Among 
interesting examples of HEO applications are that they have 
shown high activity in several catalytic reactions under dif-
ferent processes such as thermo-, electro-, and photo-catal-
ysis and have good performance for CO oxidation, alcohol 
oxidation,  CH4 partial oxidation,  CO2 hydrogenation, des-
ulfurization with oxidation, water oxidation and water split-
ting.18 HEOs have also been applied as anode material in 
Li-ion batteries for high-capacity storage of electrochemical 
energy,19,20 and used as protective coatings for mechanical 
parts, such as cutting tools and drills, which usually work 
under high-temperature corrosive environments.21 Further, 
HEO films with colossal dielectric constants have been 
 reported22 and suggested for future generations of thin film 
transistors.

HEAs are typically made up of five elements or more in 
near equal atomic concentration proportions.23 Many HEAs 
are reported to show simple single-phase or dual-phase solid 
solution phases, without the formation of intermetallic com-
pounds that are observed for many traditional metal alloy 
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systems.24 The entropy of such mixtures has been consid-
ered a possibility to stabilize the alloys in those simple solid 
solution phases.1 The simple phases are face-centered cubic 
(FCC) or cubic-centered cubic (BCC). Sometimes, systems 
tested for HEA behavior show more complicated secondary 
phases, which may be a reason for naming these systems 
complex concentrated alloys (CCA) or other names.25,26  
HEOs are similarly oxides where there are five or more 
cation elements, but a single-phase crystal structure is often 
assumed and with no ordering among the cations.27

It has been widely cited that many of the reported physi-
cal and mechanical properties of HEAs are due to local lat-
tice strain caused by the atoms being displaced away from 
the ideal lattice site.28  Simulations have created that situ-
ation with suitable interatomic  potentials29 and efforts to 
measure the local strain by diffuse scattering techniques have 
been reported.30 The excellent hardness of some HEAs have 
been linked to this distortion.31 The lattice distortion also 
influences the electrical conductivity of the materials.

The material reported in the present work is made by 
reactive sputtering from an HEA target made up of equal 
amounts of five 3d-transition metals, CrFeCoNiCu, and 
then given heat treatments. This HEA has been reported 
on in the literature.1,12,25,29,32–44 The crystal structure has 
been reported to be FCC, either as a solid solution phase 
with uniform composition, or as two solid solution phases 
with slightly different compositions. We have observed that 
sputtered CrFeCoNiCu has a single FCC phase.44 With the 
addition of oxygen, either during deposition or by anneal-
ing in oxygen, Cr is preferentially oxidized, which alters the 
stability of the remaining alloy, which then decomposes into 
two different FCC structures, and for extended annealing 
time, also into a BCC structure.44

In this work, we report on the electrical properties of reac-
tively sputtered CrFeCoNiCu in oxygen-containing plasma, 
resulting in a composite film. We report on tuning properties 
of the composite material by varying the morphology. The 
building blocks in the composite are essentially HEAs and 
HEOs. Sputtering is a nonequilibrium process, here produc-
ing a metastable film. The deposited films contain oxygen 
and they decompose under annealing yielding a change in 
the electrical properties. For each annealing we report on 
the electrical properties and the structural change. We will 
present the temperature dependence of the (effective) resis-
tivity down to 10 K. This may have direct practical applica-
tions as well as a fundamental significance. For a single film 
deposition the resistivity and its temperature coefficient can 
be systematically varied over a wide range by different heat 
treatments.

Experimental

The films were deposited on quartz or silica wafer sub-
strates by magnetron sputtering from a custom-made 
sputtering target (HR Anlagenbau, GmbH) consisting of 
equal amounts of Fe, Cr, Co, Ni and Cu. During the sput-
tering, the working gas ambience was argon:oxygen with 
a flow ratio of 92:8 and total working gas pressure about 
0.4 Pa. A DC power of 200 W was applied. No intentional 
substrate heating was used during the sputtering, and the 
substrates were rotated during deposition to obtain lateral 
uniformity. The composition of the films was character-
ized by EDS.

The films on substrates were cleaved into small sam-
ple pieces (~ 1 cm × 1 cm square) and characterized by 
structure evaluations and transport measurements. Some 
sample pieces were also annealed in a furnace in flowing 
oxygen (purity 99.999%) or in a nitrogen:hydrogen (90:10) 
mixture (NHM) ambience.

The areal density of the films was measured by Ruther-
ford backscattering spectrometry. The films were charac-
terized by x-ray diffraction (XRD) characterization using 
normal θ–2θ scans (locked-couple mode) to determine the 
preferred crystal orientation and changes in phase with 
annealing). The surface morphology of the films was ana-
lyzed by scanning electron microscopy (not shown). The 
transport characterization consisted of electrical DC Hall 
and van der Pauw measurements (Lake Shore, 7704 HMS) 
to observe the temperature dependence of the resistivity.

Hypothesis

We start by presenting a hypothesis for the system we have 
measured at various stages of the film treatment, although 
with a somewhat wider applicability than for the observa-
tions reported here. It basically consists of considering 
the films to consist of separate regions as sketched in Fig. 
1. There are regions or nanograins of different metallic 
HEA with different compositions of the metals Cr, Fe, Co, 
Ni and Cu and also with different metastable concentra-
tions of oxygen. Further, there are regions or nanograins of 
different oxides, with different stoichiometry. The oxides 
are derived from the oxides of the metals. The electrical 
properties of the film as a whole will be that of an effec-
tive medium where the electrical properties of the different 
parts can be quite different. The electrical properties of 
the films come mainly from conduction through the most 
conducting parts, such as percolation through the HEA 
metallic parts. The hypothesis predicts that the electrical 
properties of the film can be controlled by varying the 
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fraction of oxide to metallic HEA and their topology and 
this can be varied by controlled annealing in oxidizing 
atmosphere and reducing atmosphere for a given sput-
tering. The hypothesis also implies that this ratio can be 
varied by varying the sputtering conditions, but that effect 
will not be addressed in this report.

The electrical transport in the HEA will then be different 
by the different topologies. This change can be measured by 
simply measuring the resistance giving the effective resis-
tivity of the film. Measurement as a function of temperature 
will give some more information of which process in which 
part of the system is limiting the transport. Transport in an 
HEA will have a resistance higher than that of pure metals 
due to the disorder in the potential created by the arrange-
ment of different d-metal atoms in a non-ordered sequence, 
which also creates local lattice distortions. This alloy scatter-
ing is temperature-independent. The phonon scattering will 
typically have a contribution to the resistivity being propor-
tional to T when going to the higher temperature regime. The 
disorder in an HEA may increase by uptake of oxygen. Then 
the electron wavefunction may experience weak localiza-
tion resulting in a characteristic temperature dependence. 
The current through the film may be through communication 
between HEA grains directly or by tunneling. Tunneling has 

no temperature dependence, so it cannot be discriminated 
from alloy scattering or grain boundary scattering. The cur-
rent could go through part of oxides by variable range hop-
ping, as described by Mott  theory45 or the Efros–Shklovskii 
theory.46  Stallinga47 has stated that "there are nearly as many 
models as there are publications in the literature or measure-
ment sets" on variable range hopping/percolation.

Results and Discussion

Electrical Characterization

Resistivity versus Temperature of As‑Deposited (ASD) Films

The resistivity, ρ, of the as-deposited (ASD) film sample 
was measured to be 857 μΩ cm at room temperature (RT). 
Figure 2a shows resistivity measured from low temperature 
up to RT. The dominating conductivity type was p-type for 
the whole temperature range as indicated by the sign of the 
Hall voltage measured simultaneously.

The resistivity at RT (860 μΩ cm) is high compared to Cu 
(1.6 μΩ cm) and also high compared to the CrFeCoNiCu-
HEA (140  μΩ  cm).44 It is seen from Fig.  2b that the 

Fig. 1  Artistic schematics of 
(the top) the topography of the 
films prepared by reactive sput-
tering with nanograins of HEA 
connected by oxide grains. The 
bottom shows the correspond-
ing lateral energy state diagram. 
Transport of carriers in the 
structure is also indicated. The 
topography can be varied by 
annealing in reducing or oxidiz-
ing ambient.
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temperature coefficient of resistivity, TCR = ∂ln(ρ)/∂T, 
is always negative, with a relatively small absolute value. 
So, the absolute value of the resistivity is higher than that 
of the Mott–Ioffe–Regel limit for metallic conductance 
(≈ 100 μΩ cm),44 and given the negative TCR, the conduct-
ance in the film is not metallic. We can model the tempera-
ture dependence of the resistivity very well as seen from 
the solid line in Fig. 2a. However, when the variations are 
small and the data and model vary smoothly, one should be 
syllogistic about the significance of the excellent match. We 
get an excellent match of the curve by an expression con-
taining temperature-independent alloy scattering and weak 
localization. We will use other terms for other samples and 
fit all data by the following expression.

Here r0 contains resistance due to temperature-independ-
ent alloy scattering and the constant associated with weak 
localization. The negative coefficient rwl gives the quantum 
mechanical correction for weak localization,44 and domi-
nates the temperature dependence in Fig. 2. The other terms 
are included in order to use the same expression for the 
annealed samples. Here rBG describes the phonon-electron 
scattering interaction which dominates for pure metals where 
it is constant at higher temperatures given that the resistivity 
then increases linearly with temperature or else varies as 
the Bloch-Grüneisen relation.44 The parameter ree describes 
electron-electron interactions. It is the weak localization 
term that gives the negative slope of the resistivity curve. 
A negative slope could in principle also be due to variable 
range hopping (VRH), it would have had a contribution to 
the resistivity going as

with β = 0.25 for the famous Mott  theory45 and β = 0.5 
for the Efros–Shklovskii theory,46 while experiments on 
polymers have reported β from 2 and downwards.47 How-
ever, in the current case, the VRH expression does not fit 
with the experimental data, so we do not include it in our 

(1)�(T) = r0 + rwl

√

T + rBGT + reeT
2

(2)�VRH(T) = rVRHe
(ΔE∕kT)�

analysis. However, for the case of exchanging Cr with Ge 
and increasing the oxygen flow ratio for reactively sputtered 
FeCoNiCuGe, it fits well.48 Another effect which can give 
a negative slope of the resistivity is the Kondo effect giving 
a term�

K

49,50

where rK is here a fitting parameter characterizing the 
strength which is proportional to the exchange integral 
between interacting spins. The effect of μ, which is a char-
acteristic temperature, is to shift the baseline. This effect is 
observed for materials with magnetic impurities and only 
dominates at the lowest temperatures and not all the way 
up to RT. For homogenous CrFeCoNiCu films we have 
observed that the Kondo effect cannot be distinguished 
from weak localization by the temperature dependence of 
the resistivity.44 Therefore, we cancel that parameter in the 
fitting model of the system here.

We interpret the data of Fig.2a as that the resistive part 
of the transport is dominated by regions in the film which 
are essentially creating a connected network, but where the 
parts consisting of HEA nanocrystals are very damaged with 
respect to the periodicity of the lattice. The weak localiza-
tion arises from the heavily distorted lattice. We argue that 
the lattice is more distorted than what is caused by rand-
omization of the sequence order of the-metal elements. The 
argument for that is that for sputtered HEA CrFeCoNiCu 
films the resistivity has a negative TCR only at the very low-
est temperature.44 The present dominance of weak disorder 
may arise from (metastable) solution of oxygen atoms in 
the HEA grains.

The electrical measurement data is challenging to ana-
lyze further on a material level, and even more so quanti-
tatively in terms of local disorder, when the properties are 
nonuniform. However, the variation of the resistivity can be 
understood qualitatively. We have also measured the Hall 
coefficient RH and from that and the resistivity calculated 
the Hall mobility as shown in Fig. 3. These parameters are 
by themselves controversial and complicated to interpret for 

(3)�K(T) = rKln
(

�

T

)

Fig. 2  Temperature dependence 
of the resistivity of films pre-
pared by reactive sputtering of 
a target made by CrFeCoNiCu. 
The flow rate ratio of Ar to  O2 
in the reactive sputter was 92:8. 
(a) The points are measure-
ments of resistivity and the line 
is a model. (b) The tempera-
ture coefficient of resistivity; 
TCR = 1/ρ⋅∂ρ/∂T.
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homogenous distorted/defective materials and beyond the 
scope of the current paper to treat for an inhomogeneous 
film. Here we just comment that the temperature coefficient 
of RH is positive while for distorted films of NbN reported 
by Chand et al.51 it is negative and the ratio between the tem-
perature coefficient for ρ and RH is a constant in that case, 
which is quite different than what is observed here.

Here we remark that the sign of the Hall voltage indi-
cates that the sample is p-type over the whole temperature 
range 20–300 K. We also measured the Seebeck coefficient 
of the sample from RT and upwards, and the polarity of 
the Seebeck voltage indicates that the sample is n-type. 
These are the same polarities for the Hall coefficient and 
the Seebeck coefficient as what we have observed for 
films of CrFeCoNiCu.44 Those observations indicate that 
CrFeCoNiCu-HEA has both electrons and holes at the Fermi 
level. Then RH and the Seebeck coefficient both have contri-
butions from holes as well as electrons, but the weight fac-
tors in the expressions are different for the two coefficients. 
Thus, the present observations are in agreement with the 
idea that it is the HEA nanograins in the film that give the 
dominating carriers transported in it.

Resistivity versus Temperature after Annealing in NMH

The resistivity of the samples was measured after annealing 
in the reducing atmosphere of forming gas (nitrogen–hydro-
gen mixture, NHM). The results are shown in Fig. 4.

It is seen in Fig. 4a that the resistivity is changed much 
by the annealing and is reduced by each annealing step 
up to 500°C. Each of the curves also varies little with the 
measurement temperature and the curves appear almost flat 
when plotted in a linear scale including all the annealing 
temperatures as in Fig. 4a. In order to visually examine the 
temperature dependence of each curve, we display in Fig. 4b 
the resistivity minus the minimum taken from Fig. 4a. Also, 
in Fig. 4c is seen the TCR for each curve.

It is seen that the TCR is negative for all temperatures in 
the ASD case. After each annealing at successively higher 
temperature the TCR increased. It changes from all nega-
tive for the ASD case, through negative at low measurement 
temperatures and positive at high measurement temperatures 
for the 300°C and 400°C annealing, to being positive for 
essentially the whole measurement temperature range for 
the 500°C annealing case.

Fig. 3  Temperature-dependent 
Hall measurement results on 
films prepared by reactive 
sputtering of target made by 
CrFeCoNiCu with a flow rate 
ratio of Ar to  O2 of 92:8. (a) 
The Hall coefficient (b) The 
Hall mobility.

Fig. 4  Temperature dependence of the resistivity of the films pre-
pared by reactive sputtering after annealing in nitrogen hydrogen 
mixture (NHM) for 2 h at the temperatures indicated. ASD is the as 

deposited film. (a) The resistivity. (b) The minimum of each curve 
subtracted from its resistivity. (c) The temperature coefficient of resis-
tivity; TCR = 1/ρ⋅∂ρ/∂T.
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All the curves of Fig. 4a can be fitted very well with 
the expression of Eq. 1. The values of the fitting are shown 
in Table I. It is seen from that table that r0 and rwl are the 
parameters that vary the most, and there the resistance of the 
film decreases and weak-localization becomes less dominat-
ing. These observed features are consistent with the follow-
ing hypothetic changes in the film: annealing alone causes 
atomic mobility change and rearrangements of the atoms in 
the film. The weak localization was caused by disorder in 
the metal-rich regions; we argued it was enhanced by oxygen 
atoms in the ASD case. If that segregates out of the HEA 
region, the weak localization character of the resistivity will 
diminish. For low anneal temperature, the oxygen may seg-
regate as metal oxide, whereas for higher NHM annealing 
temperatures the oxide will be reduced. The metal oxide 
that has the highest tendency to form is that of Cr. The HEA 
region will then experience less Cr giving it less stability and 
it will have a tendency to form regions with less complexity 
by forming regions richer in Co-Fe and Cu-Ni. This will 
cause higher order and less weak localization contribution 
and also less alloy scattering contribution. The heat treat-
ment and segregation are also most likely accompanied by 
grain growth and annealing out structural defects yielding 
less scattering and lower resistivity of regions. However, 

since the film is nonuniform, we cannot directly use the 
reduction in the measured resistivity to reflect the exact 
reduction in the HEA resistivity, since the parts of the sys-
tem that contribute is probably not constant.

Resistivity versus Temperature after Annealing in  O2

The resistivity of the samples after annealing in  O2 is shown 
in Fig. 5, with the expanded scale in Fig. 5b and the TCR in 
Fig. 5c. As for NHM annealing (Fig.4), the measured resis-
tivity curves changed much for different annealing tempera-
ture. A large reduction in the resistivity and reduction in the 
dominance of weak localization is seen for 300°C annealing 
compared to the ASD case, qualitatively similar to the case 
for NHM gas. However, the reduction of the resistivity is 
slightly less, and the reduction of the weak localization fin-
gerprints are also slightly less than for the NHM case. We 
take this as an indication that the anneal temperature causes 
atomic mobility and the oxygen segregates out of the HEA 
grains giving less disorder, also involving Cr in the oxide 
causing some partial element separation of the different met-
als, as for the NHM case. However, with oxygen present in 
the annealing ambient, the oxides that are formed are not 
reduced. After annealing at 400°C in  O2 the resistivity has 

Table I  Parameters used 
for fitting the temperature 
dependence of resistivity to the 
expression in Eq. 1 in the text.

Sample\coeff. r0  (10−4 Ω) rwl  (10−6 Ω  K−1/2) rBG  (10−7 Ω  K−1) ree  (10−11 Ω   K−2)

ASD 9.49 − 8.53 1.63 7.25
300°C NHM 5.08 − 2.74 1.35 6.9
400°C NHM 2.8 − 1.1 1.00 6.6
500°C NHM 1.3 − 0.9 0.93 6.5
300°C  O2 7.05 − 5.56 3.3 − 19.3
400°C  O2 7.69 − 6.15 4.7 − 26.0
500°C  O2 12.46 − 4.2 3.56 − 44.0

Fig. 5  Temperature dependence of the resistivity of the films pre-
pared by reactive sputtering after annealing in oxygen gas for  2 h 
at the temperatures indicated. ASD is the as-deposited film. (a) The 

resistivity (b) The minimum of each curve subtracted from its resis-
tivity. (c) The temperature coefficient of resistivity; TCR = 1/ρ⋅∂ρ/∂T.
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increased compared to the 300°C case. This increase we 
interpret as due to oxides forming in the film. One possibil-
ity is that it may create a network with reduced connectivity. 
For 500°C annealing the measured resistivity has increased 
much. The shape of the resist curve for that case is also 
different than those of the 300°C and 400°C; for increas-
ing temperature, the value seems to go to saturation, or at 
least the slope is bending over and decreases. It is relevant 
to mention that there has been much works on resistivity 
saturation, both theoretically and experimentally.52–56 Some 
theories predict a saturation for resistivities far below that in 
Fig. 5a, some metal systems have shown to follow that, while 
several reports of exceedance of the suggested limits have 
occurred. Some recent theories explain bending over of the 
resistivity curves as an indication that other transport chan-
nels become available at high temperatures, giving a change 
in the slope.53 One should note that the fitting parameter ree 
in Table I for the  O2 annealing case is not physically sound. 
It is negative in that case and then has the effect of decreas-
ing the slope at high temperatures, which provides a fitting.

Structure Characterization by XRD and SEM

Structure Evolution for Different Anneal Temperature, NHM 
Cases

Figure 6 shows SEM images of the surface of the film after 
annealing in forming gas for 2 h. Figure 6a is the ASD case. 
There is some contrast that evolves with annealing tempera-
ture into larger islands, from 10 nm to 50 nm diameter after 

300°C (Fig. 6b) annealing to several μm after 500°C. (Fig. 
6d). These islands appear to be Cu-rich on the surface as 
observed by EDX analysis. One example is shown in Fig. 
7b for the case of 400°C annealing in NHM. This clearly 
shows that the film is nonuniform, caused by segregation 
of the metals and reflects a high surface mobility of Cu. 
The nonuniformity of the ASD film on the nanoscale can-
not be seen from Fig. 6a, but can be seen qualitatively from 
the TEM analysis (not shown), from which it is also con-
cluded that the film is nanocrystalline. From elemental scans 
it has been concluded that the elements are not distributed 
perfectly uniformly in the film: regions of the order of the 
nanocrystals had enhancement or reduction of the concentra-
tion of some elements. There are correlations between the 
region with enrichment for the different elements. Cr and 
oxygen are correlated, Co-Fe are correlated and Cu-Ni are 
correlated. We interpret that as a segregation. We ration-
alize that the segregations are partial, similar to spinodal 
decompositions, where there are concentration differences 
between different regions but not necessarily total depletion 
nor purification of an element in a region. This process with 
reactively sputtered CrFeCoNiCo may be phenomenologi-
cally similar to our observations for the oxygen interaction 
with HEA CrFeCoNiCo films,44 where we observe that Cr 
is preferentially oxidized. This promotes concentration seg-
regation of the other elements, also causing the appearance 
of FCC phases with different concentration and BCC phases. 
In the reactive sputtering case considered here, the atomic 
mobility during deposition is apparently large enough that 
we get some of these segregation phenomena.

Fig. 6  SEM images of the sputtered films as deposited and annealed at different temperatures in NHM for 2 h. (a) As deposited (b) 300°C (c) 
400°C (d) 500°C.

Fig. 7  EDX scan of the surface 
of a film annealed at 400°C 
in NHM for 2 h. (a) The SEM 
image indicating the scan path. 
(b) The EDX line scan. The blue 
dots are the Cu signals showing 
Cu-rich islands centered around 
the positions marked as 30 and 
70 pixels.
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We have further information about the structure of the 
ASD case and the changes caused by annealing from our 
XRD data as shown in Fig. 8. The diffractogram curve of 
the ASD case shown in Fig. 8a has few features. The most 
pronounced is a broad peak around 43 degrees. From the 
HRTEM analysis the film is nanocrystalline, which we here 
consider to be distinct from amorphous. The film has texture, 
so we do not see contribution from all crystal planes of the 
nanocrystals. The large width of the peak for the ASD dif-
fractogram arises from (1) small size of the nanocrystals, 
causing broadening (“Scherrer broadening”), (2) distortion 
of lattice due to different elements in the HEA, (3) con-
tribution from different concentrations given the segrega-
tion seen in Fig. 8b. (4) Contribution from different crystal 
structures, both FCC and BCC, possibly HEO with NiO 
( Fm3m,B1, #225) crystal structure. (5) HEA super-saturated 
with oxygen (6) Stress caused by formation of  Cr2O3 on the 
grain boundaries.

It is seen from Fig. 8a that the XRD peaks become more 
distinct after annealing. The peak around 43° becomes 
stronger and sharper. It is connected to the (111) reflection 
of FCC. Also, the (200) from FCC is seen after anneal-
ing at 400°C and after 500°C. This is linked to the large 

segregation of Cu-rich islands seen in Figs. 6 and 7 and also 
linked to grain growth in the film. The diffractogram for 
500°C in Fig. 9 also has a peak around 35° which can arise 
from an oxide. That would be an oxide that is not reduced 
by  H2 at 500°C. The peak position matches a spinel-type 
structure incorporating Cr, structurally like  FeCr2O3.

Structure Evolution for Different Anneal Temperatures,  O2 
Cases

Figure 9 shows SEM pictures of the surface of the films 
after being annealed in an oxygen ambient at different tem-
peratures for 2 h. There is no contrast seen on the surface 
after 300°C annealing. There is also no significant change 
to the XRD diffractogram as can be seen in Fig. 8b. So, 
apparently the reactions in the film cause minor unobserv-
able changes to the surface topology. From before, we know 
that CrFeCoNiCu HEA films react with  O2 to form a dense 
Cr oxide on the surface.44 That may have happened here too. 
After 400°C, the SEM shows some contrast and a few white 
spots. After 500°C, seen in Fig. 9d, the contrast is more 
pronounced and the white spots have evolved into rod-like 
nanostructures, probably oxide nanorods. The formation of 

Fig. 8  X-ray diffractograms 
using Cu Ka taken at RT. 
The y-axis has been offset for 
each diffraction curve. The 
vertical lines at the bottom 
are diffraction patterns for 
the crystal structures indi-
cated which are relevant for 
the interpretation. FCC(Cu), 
BCC(Fe), NiO(Fm3m ), 
 Cr2O3,FeCr2O4(I41/amd). (a) 
Samples annealed in NHM 
at different temperatures as 
indicated. (b) Samples annealed 
in  O2 at different temperatures 
as indicated.

Fig. 9  SEM images of the sputtered films as deposited and annealed at different temperatures in  O2 gas for 2h. (a) As deposited (b) 300°C (c) 
400°C (d) 500°.



811Controlling the Electrical Properties of Reactively Sputtered High Entropy Alloy CrFeNiCoCu…

1 3

crystalline oxides is evidenced by the XRD in Fig. 8b for the 
500°C annealing. We see peaks which can be assigned to the 
formation of crystalline spinel structure such as  FeCr2O4. 
We find it likely that the oxide contains Cr, while there could 
be a mix of other elements in it in addition to Fe. We also 
have a well-defined peak that can be assigned to HEA metal 
nanocrystals possibly with different compositions and also 
possibly both FCC and BCC. This is in agreement with the 
hypothesis of the structures and the electrical measure-
ments if these metallic nanoparticles still form a percolat-
ing network.

Summary and Conclusions

In this work, we studied reactive sputtered films of HEA 
CrFeCoNiCu target by structural and electrical charac-
terization techniques after annealing in gas ambient of, 
respectively, oxygen gas and nitrogen hydrogen mix-
ture. The electrical resistivity of the films could be varied 
much by controlled annealing. It could be varied between 
1.3 ×  10−4 Ω cm and 1.2 ×  10−3 Ω cm by the post-deposi-
tion processing. The temperature coefficient of resistivity 
could be varied between − 1.2 ×  10−3  K−1 through 0 and to 
+ 0.7 ×  10−3  K−1. The measurements and characterization 
were in agreement with the hypothesis that the key to the 
variation is controlling the topology of the film. The trans-
port of electrons was controlled by the relative contribu-
tion of weak localization and alloy scattering by varying 
degree of disorder in the metallic high entropy alloy and 
its topology. The morphology of the film could be varied 
from nanocrystals of high entropy alloy to large conducting 
grains. The hypothesis may be applicable to a larger range of 
sputter parameters giving different as deposited structures, 
and is currently under testing.
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