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1. Introduction

CuI is a promising candidate for comple-
mentary devices, when combined with
n-type semiconductors, such as GaN or
ITO, as it offers outstanding intrinsic opto-
electrical properties among the p-type semi-
conducting materials. Its potential is
characterized by transparency in the visible
spectrum, a bandgap of 2.95 eV at room
temperature (RT), and a high hole mobility
of μ ¼ 44 cm2V�1s�1 as reported for single
crystals,[1] exceeding that of other p-type
materials.[2,3] Hole concentrations as high
as p ¼ 1020cm�3 have been achieved in
thin films.[4,5]

However, to date CuI, thin films are not
yet applied as active layer in thin-film elec-
tronics, like diodes or transistors. The rea-
son for that is the high charge carrier
density and its low resistivity, which pre-
vent the formation of a depletion region

within the CuI. This degenerate charge carrier density is often
attributed to copper vacancies (VCu),

[5,6] but recently also to oxy-
gen diffusion from the environment.[7,8] Doping or alloying
binary CuI with Zn, Ag, Ni, Sn or Se has already been shown
to cause electronic defect states, which enable adjustments of
the morphological, optical, and electrical properties.[9–13]

Of special interest are recently published results about the
NixCu1�xI alloy. A steady decrease of the charge density for a
Ni fraction 0 ≤ x ≤ 0.10 is observed.[10] For Ni fractions
0.15 ≤ x ≤ 0.35, there even seems to be a transformation into
an n-type semiconductor. This could predestine NixCu1�xI for
homojunction devices, consisting of a binary CuI p-type layer
and an n-type ternary NixCu1�xI layer, if the results from
ref. [10] can be reproduced.

Furthermore, a transition from diamagnetic pristine CuI to a
dilute magnetic NixCu1�xI alloy was shown in ref. [10]. Research
concerning dilute magnetic semiconductors (DMS) is a quickly
growing and comprehensive field within material research, due
to remarkable properties for applications in quantum technology,
like spin injection or control of the magnetic field by induced
electrical currents or fields.[14] As most of the recently known
DMS consist of (II–VI) or (III–V) host lattices[14] with incorpo-
rated transition metals, the (I–VII) configuration of CuI would
be a novelty in the field.

Aim and motivation of this work is trying to reproduce the
promising results of Annadi et al.[10] and in particular to gain
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To tailor electrical properties of often degenerate pristine CuI, Ni is introduced as
alloy constituent. Cosputtering in a reactive, but also in an inert atmosphere as
well as pulsed laser deposition (PLD), is used to grow NixCu1�xI thin films. The
Ni content within the alloy thin films is systematically varied for different growth
techniques and growth conditions. A solubility limit is evidenced by an additional
NiI2ðH2OÞ6 phase for Ni contents x ≥ 0.31, observed in X-Ray diffraction and
atomic force microscopy by a change in surface morphology. Furthermore,
metallic, nanoscaled nickel clusters, revealed by X-Ray photoelectron spectros-
copy and high-resolution transmission electron microscopy (HRTEM), underpin
a solubility limit of Ni in CuI. Although no reduction of charge carrier density is
observed with increasing Ni content, a dilute magnetic behavior of the thin films
is observed in vibrating sample magnetometry. Further, independent of the
deposition technique, unique multilayer features are observed in HRTEM
measurements for thin films of a cation composition of x ≈ 0.06. Opposite to
previous claims, no transition to n-type behavior was observed, which was also
confirmed by density functional theory calculations of the alloy system.
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more insights on the claimed transition from p- to n-type conduc-
tivity within the NixCu1�xI alloy. Therefore, we performed a com-
prehensive growth study of NixCu1�xI thin films, engaging two
different deposition techniques: reactive magnetron cosputtering
and pulsed laser deposition (PLD). By doing that, we are able to
distinguish inherent microstructural properties of the alloy sys-
tem and growth technique-related alloy properties. Having these
capacities is very powerful, when studying a novel material, such
as NixCu1�xI, which has been rarely reported before.[10]

All thin films are characterized structurally, optically, and elec-
trically to gain a profound understanding of the NixCu1�xI alloy.
The main focus in this article is on the results of reactively
cosputtered thin films, which are underpinned by results of
the PLD thin films in the Supporting information.

2. Results

2.1. Structural Properties

By reactive cosputtering, NixCu1�xI thin films with varying Ni
fractions have been fabricated. For all thin films, the structural
properties were investigated by X-ray diffraction (XRD) measure-
ments, as is shown in Figure 1a for an extracted range of 15°–40°
obtained by 2θ–ω scans. It can be seen that the reflex of the
(111)-plane of γ-CuI is prevalent for every thin film, without
exhibiting a systematic shift in peak position as a function of
Ni fraction (Figure 1b), inconsistent with literature.[10] This con-
tradicts a homogeneous incorporation of Ni into CuI, as a shift in
lattice spacing, and thus peak position is expected through radii
and valency effects. In accordance with the results of sputtered
NixCu1�xI thin films, no shift of the γ-CuI (111)-plane reflex has
been observed for the PLD thin films (Figure S1, Supporting
Information).

An additional reflex and its repetition is observed in the X-Ray
diffractogramms (Figure 1a) at 2θ¼18.2° and 2θ¼36.8°, which
can be attributed to the nickel iodide hydrate (NiI2ðH2OÞ6)
(001)-plane. As this additional phase only occurs for thin films
of Ni contents x ≥ 0.31, a solubility limit for the Ni within
the CuI host lattice can be concluded. Excess Ni may accumulate
together with iodine on top of the NixCu1�xI thin film to form
deliquescent NiI2 and eventuate in NiI2ðH2OÞ6 when exposed to

humidity of the ambient atmosphere. This is further supported
by the visual appearance of the thin films after deposition, which
is shown in Figure S2, Supporting Information. Directly after
growth, thin films with high nickel content exhibit a black color,
which turns transparent upon contact with ambient atmosphere
and thus humidity. This was also reported by Siegler et al.[15] as a
characteristic of NiI2 thin films. The discoloration is reversed by
desorption of H2O, when the thin films are stored in N2 atmo-
sphere of an desiccator, also in accordance with ref. [15].

The topography of the thin films was studied by atomic force
microscopy (AFM) measurements, which are depicted in
Figure 2. For Ni contents of x ≤ 0.05, the typical triangular-
shaped crystallites of γ-CuI are detected (Figure 2a), which
become more rounded for x= 0.12 (Figure 2b). In accordance
with the XRD results (Figure 1a), a second phase is detected
for x ¼ 0.31 (Figure 2c), which dominates on the surface for x ≥
0.34 (Figure 2d). This is a further indication that the NiI2ðH2OÞ6
phase forms at the surface of the thin films. Furthermore, a
decreased crystallite size of the γ-CuI crystallites is recognized
for the thin film with an elevated Ni content of x ¼ 0.31, which
is also described for reference thin films in literature.[10] The sur-
faces of the depicted thin films in Figure 2 exhibit a root mean
square roughness in the range Rq ¼ 15.4 : : : 24.3 nm, as labeled.

2.2. Valence State

Analyses regarding the valence state of Ni within reactively
cosputtered NixCu1�xI thin films were performed via X-Ray pho-
toelectron spectroscopy (XPS). If the valence state of Ni is ele-
vated, compared to Cuþ in binary CuI, the hole concentration can
be reduced by incorporation of Ni, as claimed in ref. [10]. Thus,
determining the chemical state is indispensable in this study.
Additionally, further information on the secondary NiI2ðH2OÞ6
phase can be gained. Therefore, four reactively cosputtered
NixCu1�xI thin films of different Ni concentrations x ¼
0.01, 0.06, 0.26, and 0.71 were investigated by XPS on the sur-
face as well as in the bulk.

Because of multiplet splitting, shake up, and plasmon loss
structures being prevalent in many transition metal oxides,[16]

the valence state of Ni cannot be derived solely by the analysis
of the element-specific binding energies EB. Additionally, there

(a) (b)

Figure 1. a) X-Ray diffractograms of reactively cosputtered NixCu1�x I thin films on glass substrates with varying Ni contents x as denoted in an extracted
range from 15 to 40°. b) Position of the (111)-plane peak of the prevalent γ-CuI and thin-film layer thickness, both depending on the Ni fraction, detected
via EDX spectroscopy.
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is an overlap of Ni 2p1=2 and I 3p1=2 (see Figure S3, Supporting
Information), impeding a distinction between the two signals.

To enable the determination of the Ni valence state within the
thin films, an additional Auger peak analysis has to be conducted,
to obtain kinetic energy Ekin

[17]. The determination of a modified
Auger parameter proved as a valuable tool for investigations on
the chemical state for Ni in metals, oxides, and halides; it also
excludes charge effects, as specific advantage.[17] Consequently,
the recorded data was visualized in 2D chemical state diagrams,
also known as Wagner plots (Figure 3), where the kinetic energy
Ekin of the sharpest Auger line (Ni LMM) is plotted against
the binding energy EB of the most intense photoelectron line
(Ni 2p3=2).

[18] The specific modified Auger parameter α0 was cal-
culated using α0 ¼ EB þ Ekin.

[17]

As shown in Figure 3a,b, the distribution of the measurement
results within a Wagner plot is very narrow for all measured thin
films. All of these points are in the vicinity of prototypical
γ-NiOOH (Ni3þ) in Figure 3a and NiI2 (Ni2þ) in Figure 3b,
respectively. The comparability to NiI2 matches the assumption
of the NiI2ðH2OÞ6 phase being present on the surface of the thin
films; the Ni is incorporated as Ni2þ in that case. There is no
consistent explanation of the comparability to γ-NiOOH with the
chemical state Ni3þ so far, except for possible, structural inhomo-
genities of the NiI2ðH2OÞ6.

In Figure 3c,d, the results of measurements in the bulk of the
thin films are shown. As shown, the distribution is more spread
and different results can be found for Ni-poor thin films
(x ≤ 0.06) and Ni-rich thin films (x ≥ 0.26). The valence state
of Ni in Ni poor thin films is comparable to NiO or NiI2, respec-
tively; in both cases the chemical state is Ni2þ, which accordingly

should reduce the charge carrier density compared to binary CuI.
This is in consistence with the results in literature.[10] However,
Ni-rich thin films refer more to metallic Ni0 ; thus, the solubility
limit is expressed not only by a phase separation into
NiI2ðH2OÞ6, but also metallic Ni clusters, which superimpose
other signals in XPS measurements. For that reason, the valence
state of Ni in a potentially coexisting NixCu1�xI phase cannot be
distinguished by XPS for Ni-rich thin films.

2.3. High-Resolution Transmission Electron Microscopy

As AFM, XRD, and XPS data showed clear differences depend-
ing on the Ni content, cross-sectional transmission electron
microscopy (TEM) samples were prepared for thin films with
a Ni content of x ¼ 0.02, x ¼ 0.06, and x ¼ 0.26. These thin
films were chosen in order to match with similar Ni contents in
PLD-grown CuxNi1�xI films (Figure S4, and S5, Supporting
Information). Figure 4 shows overview TEM images of the sam-
ples by depicting the whole sample setup (labeled in Figure 4a).

The thin films with lower Ni concentration x ≤ 0.06 show a
similar morphology with grain size of about 500 nm and height
varying between ≈ 350 nm (valley) and ≈ 600 nm (peak). The
thin film with the elevated Ni content x ¼ 0.26 however appears
different, exhibiting a very porous structure, but smoother sur-
face (smaller height variation between 600 and 700 nm). Instead
of rather large, distinguishable grains, the film consists mainly of
platelet-like flakes (height 10� 20 nm), which are layered on top
of each other. Additionally, some large single-crystalline particles
can be seen within the film (Figure 4f ). It has to be considered
that the large pores might be voids, left by those particles during

x= 0.05

x= 0.31 x= 0.34

x= 0. 12(a) (b)

(c) (d)

Figure 2. Surface images of reactively cosputtered NixCu1�x I on glass substrates obtained via AFM scans with varying Ni contents as denoted. Rq values
are: a) 24.3nm, b) 23.7nm, c) 15.4 nm, and d) 19.4nm.
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the focused ion beam (FIB) thinning process, when extracting
the lamella from the original thin film. It is very likely that the
XRD analysis of thin films with elevated Ni contents mainly gives
information about these single-crystalline particles, as the small
flakes with their differing orientations would not give rise to
sharp peaks.

In some grains of the thin films with x ¼ 0.02 and x ¼ 0.06,
as well as in the PLD-grown film with the lowest Ni content
(Figure S4 and S5, Supporting Information), a layered structure
with rather irregular intervals was detected (10� 30 nm interval
thickness, see Figure 4b,d)). High-annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) images of
the reactively cosputtered thin films depict the described mor-
phology even more clearly (Figure S6, Supporting Information).
This feature indicates a cation segregation, which is not further
investigated within the scope of this work, but needs to be stud-
ied systematically.

To compare the lattice parameters of the thin films with x ¼
0.02 and x ¼ 0.26, electron diffraction patterns (EDPs) with a
selected-area diffraction (SAD) aperture (10mm size with a pro-
jected size of 200 nm) were taken and analyzed. For the thin film
with x ¼ 0.02, a homogeneous, that is, single-crystalline grain
was chosen as the diffraction area, whereas for the thin film with

x ¼ 0.26, the SAD aperture was confined to an area within one
of the single-crystalline particles (EDPs and tables see Figure S7,
Supporting Information). Quantification of the reflexes, distan-
ces, and angles assigns both patterns to the γ-CuI phase.[19] As
STEM-EDXS analysis will show later that nearly no Ni (x ≈ 0.01)
could be detected within these particles of the thin film with
x ¼ 0.26. This substantiates the XRD results that showed no
correlation of lattice parameters and Ni content.

To obtain information about the homogeneity of the spatial
distribution of the Ni, STEM–EDXS was carried out. Figure 5
shows the HAADF images and elemental maps for each thin
film. For the lowest Ni concentration within the thin films
(Figure 5a), the Ni distribution is rather homogeneous. However,
the correlation of Ni-rich layers with the layer structure detected
with TEM and STEM can be clearly seen for Ni concentration of
x ¼ 0.06. Elemental maps of the thin film with x ¼ 0.26
(Figure 5c) revealed another feature, which is not detected
in TEM analysis: the nickel segregates into small clusters
(15� 25 nm size) throughout the thin film. Therefore, another
high-resolution transmission electron microscopy (HRTEM)
analysis was carried out at the areas of the Ni-rich clusters.
Even though the TEM sample is most likely too thick and a pro-
jected overlay of differently orientated flakes could not be

(a) (b)

(c) (d)

Figure 3. Wagner plots of acquired binding energies of Ni 2p3=2 and kinetic energies of Ni LMM within the NixCu1�x I thin films with varying x-, as
denoted. Results of analysis a,b) at the surface and c,d) in the bulk of the thin films as well as in comparison to a,c) NiO/NiOH references and b,
d) Ni halides. A600 and A800 describe metallic Ni alloys, mostly consisting of Ni–Cr (A600) and Ni–Cr–Fe (A800) and are, like all other references,
adapted from Biesinger et al.[17].
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avoided, it was possible for at least at one position to match the
position of a Ni-rich cluster with an HRTEM image. By analyzing
part of the atomic ordering, the cluster can be correlated to metal-
lic Ni.[20] Figure 6 shows the correlation between the composition
map for Ni and HRTEM image together with an enlarged model
of the appropriately oriented Ni phase (blue stick-and-ball
model). This is in good agreement with the XPS results, which
also yielded a signal for metallic Ni for x ≥ 0.26.

Quantifying the global composition of the whole film area,
including Ni-rich and Ni-poor parts by STEM–EDXS, yields com-
parable results to the data collected by top-view scanning electron
microscopy–energy-dispersive spectroscopy (EDX) (SEM-EDX).
This is expected, as the area from which the SEM-EDX signal
is obtained is much larger to that in STEM-EDXs and thus yields
an average value. Spatially resolved TEM and STEM–EDXS
results could show that these global values do not represent
the composition of a homogeneous film, but are integrated val-
ues of the compositions of locally distributed Ni-rich and Ni-poor
parts within in the thin film. STEM–EDXS evaluation of the indi-
vidual phases, that is, CuI particles and areas containing Ni-rich
nanoclusters, revealed Ni shares far below the global Ni share,
due to a lack of Ni within the CuI particles and well above it
within the Ni nanoclusters, where x ≈ 0.5. These results further

emphasize the small solubility limit of Ni in CuI, at which a
homogeneous thin film may still be obtained. Furthermore, in
this work, the cation composition of each thin film was evaluated
by analyses of the Ni and Cu K-lines, whereas in literature,[10]

evaluation at the Ni and Cu L-Lines was performed. For further
explanation, see Figure S8 to S10, Supporting Information.

2.4. Magnetic and Electrical Properties

2.4.1. Magnetic Properties

As Ni is a ferromagnetic element, the magnetic properties of
NixCu1�xI thin films have been investigated. Preliminary estima-
tions about the resulting saturation of the magnetic moment,
consider the exchange of Cu cations within the zincblende
γ-CuI unit cell (u.c.). For a homogeneously grown Ni0.25Cu0.75I
thin film, one Cu atom is replaced by Ni, which would result
in Msat ¼ 0.6 μB=u:c: at T ¼ 0K. In a Ni0.5Cu0:5I alloy, the
exchange of two atoms per u.c. is considered and the theoretical
maximum saturation moment yields Msat ¼ 1.21 μB=u:c. at
T ¼ 0K. Three thin films with x ¼ 0.12, x ¼ 0.31, and x ¼
0.48 were further characterized by vibrating sample magnetom-
etry (VSM).

x=0.02

x=0.06

x=0.26

glass substrate

NixCu1-xI film

FIB protection (carbon)

FIB protection (platinum)

500 nm
5 nm

5 nm

50 nm

(a) (b)

(c) (d)

(e) (f)

Figure 4. TEM overview images of reactively cosputtered thin films on glass substrates with Ni contents of a,b) x = 0.02, c,d) x = 0.06, and e,f ) x = 0.26.
The corresponding HRTEM images on the right side (bþ d) show a specific feature: a layer structure in thin films with x ≤ 0.06 (white arrows). For the thin
film with x = 0.26 a larger TEM magnification is shown f ), depicting the porous flake-like structure and one of the single-crystalline particles (white arrow).
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For all measured thin films, a saturation of the magnetic
moment at T= 50 K is observed, which indicates a ferromagnetic
behavior within each thin film (see Figure 7). The magnitude of
the Ni0.48Cu0.52I thin film is aboutM ¼ 0.27 μB=u:c and therefore
about 4.5 times smaller than the gauged value. However, it is
about an order of magnitude larger compared to the thin films
with x ≤ 0.31, where a dilute magnetic behavior is observed.

This difference in magnitude can be explained by the presence
of nanoscaled Ni clusters within the Ni0.48Cu0.52I thin film,
which additionally contributes to the magnetic moment besides
the dilute magnetic behavior of the NixCu1�xI alloy. This is
underpinned by XPS and HRTEM measurements, which
revealed the presence of metallic Ni in thin films with an elevated
Ni content.

200 nm

200 nm

200 nm

Cu I Ni Si O

(a)
20.0=x

(b)

60.0=x

(c)

62.0=x

Figure 5. a) Elemental maps of reactively cosputtered thin films on glass substrates for varying Ni contents (as labeled) for Cu–K, I–L, Ni–K, Si–K, and
O–K. In b), there is a more distinct layer structure with Ni-rich and Ni-deficient layers, whereas in c), there are even two additional types of features: CuI
particles (encircled yellow) and nanoscaled Ni-rich clusters (encircled red).

xz
<100>  Ni sg 225

Ni
100 nm

(a) (b) (c)

5 nm 1 nm

Figure 6. a) Ni map (counts - deconvoluted and averaged) of the same thin film as in Figure 5c shows small Ni-rich clusters (white encircled), b) HRTEM
image of Ni-enriched area, and c) Enlarged part of (b) showing atomic ordering (white arrow) with enlarged model of the appropriately oriented Ni phase.
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As shown in the inset diagram of Figure 7a, no hysteresis is
measured, which is unlikely for ferromagnetism, but also
reported for other DMSmaterials.[21,22] However, the absent hys-
teresis can also be explained by the spatial distribution of the
nanoscaled Ni clusters, where their Weiss domains may be iso-
lated and not able to interact with each other.

Regarding the NiI2ðH2OÞ6 phase, its anhydrous state NiI2
is reported antiferromagnetic below a Néel temperature of
TN ¼ 75 K at p ¼ 0mbar,[23] so no contribution to the magneti-
zation curve is expected. For increased measurement tempera-
tures (not shown), a paramagnetic contribution is expected, but
not evaluated, as each linear contribution is removed in the data
processing. Although measurements have been conducted in a
temperature range from 50 to 300 K, no dependence onto the
magnetization curve was observed. Therefore, the results of
higher temperatures are not shown here.

Compared to thin films of equal Ni contents in literature,[10]

the thin films of this work exhibit a magnetization moment,
which is about four times higher at the saturation field strength
of the thin film Ni0.48Cu0.52I of H ¼ �0.2 T. An explanation for
the suppressed magnetic moment in literature could be that the
thin-film compositions have been detected by EDX at an excita-
tion energy of E ¼ 10 keV[10], where the signals of Ni–L and
Cu–L overlap and therefore the Ni content is overestimated
(Figure S8–S10, Supporting Information).

2.4.2. Electrical Properties

All thin films were characterized electrically to systematically
determine an influence of the Ni incorporation on the electrical
properties of CuI. To gain a more profound understanding of the
alloy, results obtained for different deposition techniques within
this work as well as literature values[10] are depicted in Figure 8a.
Figures 8b–d shows resistivity, Hall mobility, and hole densities,
extracted from Hall effect and conductivity measurements. The
different growth series and deposition techniques are color
coded and marked by shape, as denoted.

First, for each of the growth series, a trend of increasing resis-
tivity with increasing Ni content is observed (Figure 8a).

However, not only the Ni content determines the resistivity, but
the biggest influence is exerted by the deposition conditions.
Comparing the resistivity of thin films with x ≈ 0.05, a range
of two orders of magnitude is covered, from ρ ¼ 0.02Ω cm
(DC/DC sputtering mode) to ρ ¼ 2.70Ω cm (elevated tempera-
ture of T ¼ 130 °C ).

Second, as shown in Figure 8b–d, only measured thin films of
a reduced Ni concentration 0 < x < 0.12 result in reliable data,
due to the resolution limit of the setup, and accordingly a degen-
eracy of all other thin films. Therefore, we assume that for higher
concentrations x > 0.12, phase separation leads to a domination
of the charge transport either by degenerate CuI or also probably
by metallic Ni.

Third, the plotted values in the range 0 < x < 0.12 reveal an
increase in hole density and a decrease in resistivity as a function
of Ni concentration. But, if Ni was incorporated into the CuI lat-
tice and contributing to charge transport as donor (Ni2þ), a
reduced charge carrier density and increased resistivity is
expected, assuming no significant changes in charge carrier
mobility. So the results contradict the preliminary considerations
and observations from literature.[10]

Furthermore, no evidence for a transition into an n-type semi-
conducting behavior was observed, neither in Hall nor Seebeck
effect measurements, within the whole growth study, which is
again in contrast to literature.[10] Also a decrease in Hall mobility
is denoted, which is unfavorable regarding a procession toward
CuI–NixCu1�xI p–n homojunctions. Due to these obtained
results regarding the electrical properties of the NixCu1�xI alloys
with varying Ni content, no in situ p–n homojunctions were fab-
ricated within this work.

The insights gained into the electrical properties of the
NixCu1�xI alloy are consistent with the findings from TEM,
STEM–EDX, and XPS measurements. After an increase in hole
density for lower Ni concentrations 0 < x < 0.12, phase separa-
tion, especially into binary CuI and possibly also metallic Ni clus-
ters, leads to a degeneracy of the NixCu1�xI thin films. These
results contradict the findings of Annadi et al.[10] as they claimed
a decrease in hole density and a transition to n-type with

(a) (b)

Figure 7. a) Magnetization curves of NixCu1�x I thin films deposited by reactive cosputtering on glass substrates with varying Ni content x as denoted.
b) Magnetization curves in the extended range of the external magnetic field, where a paramagnetic contribution of the depicted films can be seen in the
high-field regime. The blue stripe refers to the range, which is depicted with a higher resolution in the respective other diagram for better understanding.
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increasing Ni content within the NixCu1�xI alloy. A possible
explanation is that the thin films in ref. [10] are also characterized
by metallic Ni clusters, and the allegedly n-type behavior is a
result of metallic Ni dominating the charge transport. A more
differentiated statement is not possible, because the authors
in ref. [10] didn’t perform microstructural analyses, like TEM
or STEM–EDX and their XPS analysis was insufficient regarding
an evaluation of a transition metal alloy system. To substantiate
our findings that the NixCu1�xI alloy remains a p-type semicon-
ductor, we employed density functional theory (DFT) calculations.

3. Computational Results

In reference to the potential shift toward n-type conductivity, the
density of states (DOS) was computed using DFT and HSE06
functional with a modified mixing parameter (referred to as
mHSE06; detailed methodology provided in the Computational
Methods). This analysis was focused on ordered alloys with a low
Ni concentration. The results for both x ¼ 0.125 and x ¼ 0.25
are presented in Figure 9. For x ¼ 0.25, two distinct arrange-
ments of Ni and Cu atoms in their respective sublattices are pos-
sible (refer to computational methods for cell construction
details). In all considered scenarios, the Fermi level was found
inside the bandgap. Consequently, in alignment with experimen-
tal findings, it can be inferred that a transition to n-type conduc-
tivity cannot be anticipated at these Ni concentrations, where Ni
replaces Cu within the zinc blende crystal. Factors that could
account for the discrepancy compared to ref. [10] include the

incorporation of elemental Ni clusters, a higher overall Ni incor-
poration, or a phase transition to a different crystal structure.
However, these factors were not accounted for in our calcula-
tions, due to their expected absence in the discussed experimen-
tal alloys. Another explanation of the n-type semiconducting
NixCu1�xI alloy, observed in literature, would be not completed
iodization, where parts of the Ni-Cu thin films remain in their
metallic state and therefore result in n-type Hall coefficient
within a Hall effect measurement.

4. Conclusion

Within this work, NixCu1�xI thin films were deposited by cosput-
tering in a reactive atmosphere and by PLD. An additional
NiI2ðH2OÞ6 phase was observed in XRD for elevated Ni concen-
trations of x ≥ 0.31. A reversible discoloration of the thin films
from black to transparent was observed in ambient atmosphere,
matching the deliquescent behavior of NiI2, as described in
ref. [15]. AFM images of the thin films show a transition from
regular, triangular-shaped γ-CuI crystallites, to the appearance of
a second phase toward a closed surface by this second phase with
increasing Ni content, which can be attributed to the existence of
the NiI2ðH2OÞ6 phase at the surface.

XPS analysis of element specific binding energies combined
with Auger peak analysis revealed differences in the valence state
of Ni regarding the surface and the bulk of the material. At the
surface Ni2þ is recorded, suiting NiI2 or its hydrated form being
prevalent at the surface, as mentioned above. In the bulk of the

Figure 8. a) Resistivity ρ as a function of Ni fraction x in every deposited NixCu1�x I fabricated within this work. The dependence on the varied process
parameter is given by color code and different deposition techniques by varying shapes (square: reactive sputtering; circle: metallic sputtering and ex situ
iodization; triangle: PLD; star, Adapted from ref. [10] (metallic cosputtering and ex situ iodization)), b) resistivity, c) Hall mobility, and d) hole concen-
tration extracted from Hall effect and conductivity measurements within the resolution limit of the measurement setup.
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thin films, elevated Ni concentrations of x ≥ 0.26 lead to the
detection of metallic Ni, which is confirmed by STEM measure-
ments, where metallic Ni nanoclusters are detected. Along with
these nanoclusters for elevated Ni concentrations, a multilayer
structure in thin films of lower Ni concentrations of x ≈ 0.06
and below is observed with Ni accumulations in between each
single layer of about 10� 20 nm thickness.

For all thin films, a dilute magnetic behavior is observed. The
saturation moment of the thin film with the highest Ni content
exceeds the others by about an order of magnitude, which is
attributed to the nanoscaled Ni clusters, observed in HRTEM
for elevated Ni contents. However, a hysteresis loop cannot be
observed, probably due to the spatial distribution, which isolates
the Weiss domains of each Ni accumulation from each other, as
superparamagnetism. Hall effect, resistivity, and Seebeck effect
measurements revealed no transition to n-type, in contradiction
to literature.[10] The persistent p-type character is also reinforced
by DFT calculations, which found a Fermi level within the
bandgap for up to x ¼ 0.25. Therefore, the NixCu1�xI alloy is
no candidate for CuI-based homojunctions. However, the growth
kinetics leading to self-organized layering of the structures,
revealed in HRTEM, has to be further investigated as well as
approaches to increase the solubility limit of Ni in CuI.

5. Experimental Section
NixCu1�x I thin films were deposited by magnetron cosputtering from

metallic Cu and Ni targets in a reactive Arþ I2 atmosphere. The vacuum
chamber was evacuated before each process to a base pressure of
pbase ¼ 5.4� 10�5–5.4� 10�4 mbar. The target to substrate distance
was 15 cm, where the targets were located at the bottom of the chamber,
opposite to the substrate holder, which was able to perform full turns to
prevent compositional gradients. Solid iodine was stored in a secondary
glass vacuum chamber, which was connected to the growth chamber via
heated tubes. Infrared irradiation caused a sublimation of the solid iodine
to its gaseous phase, which was then taken by an introduced Ar process
gas flow from the secondary into the growth chamber.

The growth of the thin films was conducted at 2� 10�2 mbar[24,25] for
either 4 or 8min and a constant electrical power at the Cu target of

PDC ¼ 90 W. The optimal adjustments for homogeneous growth and
desired crystallinity at an appropriate growth rate were determined to
pI2 ¼ 4� 10�3 mbar for the iodine partial pressure and RT as deposition
temperature. The electrical power at the Ni target was varied from 2 to
70W and between direct current (DC) and radio frequency (RF) mode,
to result in NixCu1�x I thin films with varying Ni contents x.

Furthermore, for direct comparison to literature,[10] a growth series was
produced in the same vacuum chamber under inert Ar atmosphere,
cosputtering from metallic Cu and Ni targets. The metallic–alloy thin films
were exposed to postdeposition and ex situ iodization for 10min in a Petri
dish closed by a glas lid and filled with solid iodine. For sublimation of the
solid iodine, the Petri dish was placed on a heat plate at T ¼ 90 °C.

In addition to the sputtered films, NixCu1�x I thin films were grown by
PLD. The PLD source targets were prepared from CuI powder (Carl Roth
98 wt%) mixed with NiI2 powder (Alfa Aesar 99.5 wt%). The homogenized
powders were pressed into stainless steel forms at RT. The targets were
not sintered but initially conditioned by the PLD excimer laser with at least
10 000 pulses. We used CuI targets with 0, 10, 20, 30, and 40 wt% NiI2,
which resulted in average Ni contents x of the NixCu1�x I thin films of about
0.00, 0.04, 0.06, 0.14, and 0.22, respectively, as measured by EDX with
20 keV excitation energy. A large-area PLD setup with KrF laser was used as
described for example in ref. [26]. Here, 6 000 or 8 000 laser pulses were
applied in 3� 10�3 mbar N2 background gas to grow thin films simulta-
neously on rotating c-plane sapphire, Eagle XG glass, and NaCl (100) sub-
strates at about 170 °C growth temperature. These PLD conditions were
optimized in previous experiments, see refs. [7,13,27]. An additional series
of PLD NixCu1�x I films was deposited exactly like the aforementioned, but
passivated by an additional Al2O3 capping layer, to prevent the undesired
oxygen diffusion into the NixCu1�x I thin films.[7,8] The capping layer was
realized in situ by 2000 laser pulses on a polycrystalline Al2O3 target under
the same conditions as the preceding NixCu1�x I thin films.

2θ-ω scans were performed using a Philipps X’Pert X-Ray diffractometer
with Cu Kα radiation. The global thin film composition was determined by
EDX using a Bruker QUANTAX 200 with Flash 6 detector at an elevated
excitation energy of 20 kV. Use of an excitation energy below 20 kV resulted
in an overlap of the Ni and Cu signal, as shown in Figure S8–S10,
Supporting Information. AFM scans were performed at a XE-150 Park
Systems for surface analysis. Magnetization was measured via VSM at
a physical probe measurement setup by Quantum Design, where an
external magnetic field from B ¼ �9 to 9 T was applied. All linear contri-
butions, that is, from the diamagnetic substrate and possible paramag-
netic contributions were removed within the data evaluation process.
Subsequently the measured magnetization data (in emu) was normalized

(a) (b)

Figure 9. Calculated DOS with mHSE06 of NixCu1�x I alloys for a) x ¼ 0.125 and b) x ¼ 0.25. In case of x ¼ 0.25, in the considered setting of ordered
alloys, the DOS of both distinct arrangements of Ni and Cu atoms in their sublattice are shown. The picture of the structure was produced with VESTA,[34]

blue spheres represent Cu, gray Ni, and purple I.
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to Bohr magnetons per unit cell (μB/u.c.) following the equation

M ¼ V film
a3

� ��1 M½emu�
9.274�10�21emu=μB

. The volume was approximated by multiply-

ing the homogeneous layer thickness by the area of each thin film, which
was determined by a DektakXT profilometer and the use of a Keyence
X-200 series laser scanning microscope. Hall effect and conductivity were
measured in van-der-Pauw geometry, whereas separate, qualitative
Seebeck effect measurements were conducted using a ME-22 T multi-
meter by Voltcraft and a soldering station.

The valence state of Ni at the surface as well as in the bulk of the thin
films was determined by XPS, performed with a Thermofisher Nexsa G2 at
Fraunhofer Institute IMWS, Halle (Saale), Germany. Therefore, survey
spectra in the range of E= 1350 to �10 eV with an increment of 1 eV were
recorded as well as detailed spectra of Cu 2p, Ni 2p, I 3 d, and Ni LM2 with
an increment of 0.1 eV. The analysis at the bulk was conducted after sput-
tering in Arþ at 500 eV for 10min at each thin film.

For studying the microstructure of the films cross-sectional area, a
transmission electron microscope Thermo Fisher FEI Titan3 G2 80–300
(Hillsboro, Oregon, US) with 300 kV accelerating voltage was used, also
at Fraunhofer IMWS, Halle (Saale), Germany. The scanning unit, together
with HAADF detector, was applied to obtain STEM images. There, the con-
trast was partly dependent on the atomic number of the elements, that is,
chemically sensitive. In combination with an energy dispersive X-ray spec-
troscopy (EDXS) detector Super-X, Thermo Fisher FEI (Hillsboro, Oregon,
US) elemental mappings were generated. Spectra aquisition and further
quantitative processing of the EDXS data was done utilizing the Esprit soft-
ware Version 1.9 by Bruker, Billerica, US. In order to obtain electron trans-
parent TEM samples, site-specific lift-out samples via FIB machining were
prepared. To protect the film surface during the milling process, a thin
carbon bar was deposited with the help of the electron beam before
the actual platinum protection bar was deposited by cracking the precursor
gas with the ion beam. After uncovering the lamella, it was transferred
in situ with a needle to a Cu grid and thinned to electron transparency.
Besides conventional TEM imaging, both, EDPs were recorded, and
HRTEM was carried out, for visualization of atomic ordering.

Computational Section
All calculations were performed using DFT using the Vienna ab initio

simulation package.[28,29] Pseudopotentials obtained through the projector-
augmented wave method[30] were utilized. The valence electrons, explicitly
treated, included the 4s, 3p, and 3d electrons of Cu and Ni, as well as the 5s
and 5p electrons of I. We focused on describing ordered alloys, using
2�2�2 primitive supercells (comprising 8 atoms of Ni and Cu each, along
with 8 I atoms).With this computationally efficient approach, results in
excellent agreement with experiments have already been obtained in
the case of AgxCu1�x I alloys.

[31]

A planewave basis set with a cutoff energy of 700 eV and a k-point grid
of 4�4�4 were used, satisfying a convergence criterion of 1 meV atom�1

for the total energy. Both, the crystal structure and the magnetic moments,
were relaxed using the PBEsol functional[32] until all forces were less than
1meV Å�1. For the calculation of the DOS, we employed a mHSE06 with a
fraction of Fock exchange energy α= 0.32. The value of α was adjusted
to make the mHSE06 functional replicate the bandgap of γ-CuI.[33]

All computational analysis has been performed at Friedrich-Schiller-
Universität Jena, Germany.
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