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Wide-gap oxides exhibiting both n- and p-type bipolar conductivity are extremely desirable for the
development of next generation transparent optoelectronics. While most metal oxides show a propensity
for n-type conductivity, nickel oxide (NiO) is one of the few that exhibits p-type conductivity without
intentional doping. We synthesize nanocrystalline-NixCd1−xO1+δ-alloy thin films over the entire compo-
sition range with variable crystal stoichiometry using RT radio-frequency magnetron sputtering. Optical
and electronic properties of the films are investigated with a variety of experimental techniques, including
spectroscopic ellipsometry, the Seebeck effect, and the variable-temperature Hall effect as well as x-ray
photoelectron spectroscopy. We find that the conduction type of NixCd1−xO1+δ-alloy thin films depends
on the alloy composition and oxygen stoichiometry. Stoichiometric NixCd1−xO alloys are n type in the
composition range of 0 ≤ x ≤ 0.52 and insulating for higher x. On the other hand, O-rich alloys are p-
type conducting for x ≥ 0.38. This demonstrates that in the alloy composition range of 0.38 < x < 0.52,
n-type and p-type NixCd1−xO alloys can be synthesized by controlling the oxygen stoichiometry. The
unusual electrical and optical properties of NixCd1−xO1+δ-alloy thin films can be explained by the modifi-
cations of the electronic band structure due to anticrossing interactions between localized Ni d levels and
extended valence and conduction band states of the alloy. The results offer an interesting opportunity for
using NixCd1−xO1+δ alloys for transparent devices that require bipolar conductivity.
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I. INTRODUCTION

Wide-gap transparent metal oxides have been exten-
sively studied because of their applications as transparent
contacts for solar power conversion and potential applica-
tions as active materials in transparent electronics [1–3].
Currently, the development of transparent oxide electron-
ics is hampered by the lack of wide-gap oxides with
bipolar conductivity. In most metal oxides, the valence
band edge (VBE) states are derived from O 2p orbitals
and are located very low on the absolute scale, making
efficient p-type doping of these materials very challeng-
ing [4,5]. On the other hand, because of the low location
of the conduction-band (CB) edge (CBE), many metal
oxides (e.g., ZnO, In2O3, CdO, or SnO2) show strong
proclivity for n-type conductivity. These oxides can be
heavily doped with donors and are widely used as transpar-
ent conductors in photovoltaic and optoelectronic devices
[6–9]. Recently, considerable efforts have been devoted
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to the design and development of different p-type trans-
parent oxides based on the idea of modifying the valence
band (VB) dispersion through chemical alloying [10–13].
Kawazoe et al. reported a pioneering study of CuAlO2-
based p-type oxides [10] and this work has generated an
intense interest in the Cu+-based delafossite oxides with
the general chemical formula CuMO2 (M = B, Al, Cr, Ga,
Sc, In, or Y) [14]. However, deposition of these Cu+-based
delafossites typically requires a high substrate tempera-
ture (approximately 500 °C) grown on a single-crystalline
sapphire substrate [10,11], limiting their applications for
plastic optoelectronics. There are several material require-
ments for the development of transparent bipolar devices,
including, p- and n-type materials with similar lattice
parameters, electrical mobility, and conductivity, as well
as matching thermal-expansion coefficients and fabrica-
tion temperatures [15]. Hence, a realization of bipolar
doping in wide-gap oxides is extremely challenging, and
thus far, limited bipolar conductivity has been reported
for only three metal oxides: CuInO2, SnO, and ZrOS
[16–18].
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(a) (b) FIG. 1. (a) GIXRD spectra of as-
sputtered NixCd1−xO1+δ-alloy films with
different Ni content x, and the dashed line
indicates the shift of (200) peak posi-
tion with increasing x; (b) the calculated
x from XRD spectra using Vegard’s law
as a function of Ni content x from RBS
measurements, with the black squares
and red circles denoting the alloy sam-
ples sputtered in pure Ar and 1.4% O2,
respectively.

One of the very few known wide-gap binary oxides
exhibiting p-type conductivity is nickel oxide (NiO)
[19,20]. Stoichiometric NiO is a Mott-Hubbard insulator,
while p-type conductivity can be realized by extrinsic dop-
ing (e.g., with Li or Cu) or by native defects such as nickel
vacancies and/or interstitial oxygen [21–25]. Typical con-
ductivity in the range of 1 to 10 S/cm can be obtained in
NiO with transparencies of approximately 40%–60% in
the visible range [19]. The origin of the p-type conduc-
tivity can be attributed to an unusually high location of
the VBE at approximately 4.8 eV below the vacuum level
[26,27]. This, combined with the large band gap of 3.7 eV,
makes NiO a very attractive material for transparent-
hole transport-electron blocking layers in optoelectronic
devices [28–30].

Among n-type oxides, cadmium oxide (CdO) plays a
special role because of its very high conductivity associ-
ated with very high electron concentration of >1021/cm3

and mobility larger than 100 cm2/V s. The heavily n-type
doped CdO has received renewed interest in recent years
as a transparent conductor for full-spectrum-photovoltaics
applications [31–33]. Both CdO and NiO have the same
rock salt crystal structure. However, the large difference
between those two materials is the location of the CBE
and the VBE with the CB minimum (CBM) of CdO
located about 1 eV below the VB maximum (VBM) of
NiO [34–37]. Hence, CdO and NiO have an extreme type
III band offset and their alloys offer a range of materi-
als with a wide tunability not only of the band gap (from
2.2 to 3.7 eV), but also of the CB and the VB offsets
(4.5 and 3 eV, respectively). An important feature of the
NiO-CdO alloy system is that it offers a unique oppor-
tunity for the development of wide-gap oxide materials
exhibiting bipolar conductivity.

Systematic studies on the electronic band structure as
well as the optoelectrical properties of NixCd1−xO-alloy
thin films synthesized by magnetron sputtering at an ele-
vated substrate temperature (270 °C) in pure Ar gas over
the entire composition range have been reported [36,38].
It was found that the electron mobility and the electron
concentration of NixCd1−xO-alloy thin films decrease with
increasing x and the alloy films become insulating for
x > 0.44 [36]. In this paper, we report on the synthesis of
transparent NixCd1−xO1+δ-alloy thin films over the entire
composition range at RT, with δ denoting the deviation
in O stoichiometry. We find that alloy films are nanocrys-
talline and their conduction type (n or p) depends on the Ni
content and O stoichiometry. By controlling the deposition
conditions, we demonstrate that NixCd1−xO1+δ alloys can
exhibit bipolar conductivity within a composition range x
of approximately 0.38–0.52.

II. EXPERIMENT

NixCd1−xO1+δ-alloy films are grown on glass substrates
using a multigun radio-frequency magnetron sputtering
system with separate NiO and CdO targets without
intentional substrate heating. The oxygen flow ratio
f (O2)/[f (Ar) + f (O2)] in the sputtering gas is fixed to
be 0% (pure Ar) or 1.4%, unless stated otherwise. Alloy
composition is controlled by varying the sputtering power
of the individual targets. The composition and thickness
of alloy films are determined by Rutherford backscatter-
ing spectrometry (RBS) using a 3.04-MeV He2+ beam.
The film structure is analyzed by grazing incidence x-
ray diffraction (GIXRD) with a grazing incidence angle
of 1°. Optical properties of alloy films are studied by
spectroscopic ellipsometry (SE) in the spectral range of
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0.74–6.45 eV. Electrical properties are investigated by
variable-temperature (300–450 K) Hall-effect measure-
ments in the van der Pauw configuration using an Ecopia
HMS-5300 system, while the RT Seebeck measurements
are conducted to verify the p- or n-type conductivity.
High-resolution x-ray photoelectron spectroscopy (XPS)
measurements are performed using a monochromatic Al
Kα x-ray source (hν = 1.487 keV). Photoelectrons are
collected and analyzed with a concentric hemispherical
analyzer.

III. RESULTS AND DISCUSSTION

A. Crystal structure

The RT-sputtered alloy films have a rock salt crys-
tal structure in the whole composition range with a film
thickness in the range of 50–110 nm. In the follow-
ing, we will use NixCd1−xO and NixCd1−xO1+δ to denote
alloy films sputtered in pure Ar (O2% = 0%) and Ar + O2
(O2% = 1.4%), respectively. Although their exact stoi-
chiometry cannot be measured, hereafter these films will
be referred to as stoichiometric (NixCd1−xO) and non-
stoichiometric (NixCd1−xO1+δ) films. In our RBS mea-
surements, we utilize the 16O(α,α)16O resonant scattering
condition at 3.04 MeV so that the O sensitivity is enhanced
to within 2%. Our measurements verify that films sputtered
with additional O2 contain up to 10% more O (i.e., δ ∼ 0.1)
as compared to those sputtered in Ar only. However, the
exact O composition is still difficult to quantify because of
uncertainties in the resonant scattering cross section of O.
Figure 1(a) shows GIXRD spectra of selected as grown
NixCd1−xO1+δ-alloy films with different Ni content (x).
Note that all the films deposited at RT are crystalline with

the rock salt (111) (2θ ∼ 33–36°) and (200) (2θ ∼ 38–42°)
diffraction peaks shifting to higher angles corresponding to
smaller interplanar distances as x increases. Since the lat-
tice parameters of CdO (aCdO) and NiO (aNiO) are 4.72
and 4.19 Å, respectively, this is consistent with the forma-
tion of random alloys with decreasing lattice parameter as
x increases. The Ni content x in the alloy films has been
calculated from the lattice parameter a(x) derived from
the diffraction peaks using Vegard’s law a(x) = xaNiO +
(1 − x)aCdO. Figure 1(b) shows the Ni content obtained
from the diffraction patterns in comparison to x measured
by RBS. While RBS measures the total Ni atoms in the
films regardless of their specific sites, x obtained from
XRD reveals Ni atoms substituting Cd in the alloy. The
excellent agreement of Ni contents in all alloy films sput-
tered with and without additional O2 shown in Fig. 1(b)
suggests all Ni atoms are incorporated in the alloy with
no significant secondary phase present. The grain size
of NixCd1−xO1+δ-alloy films calculated from the Scherrer
equation ranges from 3 to 22 nm. Interestingly, the RT-
sputtered Ni-rich NixCd1−xO-alloy film (x > 0.5) exhibits
higher crystallinity than that of NixCd1−xO1+δ-alloy films
with similar Ni content.

B. Optical properties

The optical properties of these RT-sputtered CdO-NiO-
alloy films are studied by SE. In order to evaluate the
effect of additional oxygen on the optical properties,
we compare the transmission spectra [Fig. 2(a)] and the
absorption coefficient [Fig. 2(b)] for alloy films with sim-
ilar Ni content sputtered in pure Ar and in 1.4% O2.
Figure 2(a) shows the optical transmission spectra of

(a) (b) (c)

FIG. 2. (a) A comparison of transmission spectra of typical NixCd1−xO- (i.e., sputtered in pure Ar, denoted as dotted lines) and
NixCd1−xO1+δ-alloy films (i.e., sputtered in 1.4% O2, denoted as solid lines) with similar Ni contents calculated for 100-nm-thick
films from SE measurements; (b) the corresponding absorption coefficient for these films derived from SE analysis; (c) intrinsic band
gap (EG) of NixCd1−xO- (solid black squares) and NixCd1−xO1+δ- (solid red circles) alloy thin films as a function of x; the open
black squares are the optical absorption edges (EOpt

G ). A quadratic fit of the NixCd1−xO intrinsic band gaps using a bowing parameter
b =−1.05 is shown as the black dashed line.
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100-nm-thick films for typical alloy films on glass sub-
strates. As seen, NixCd1−xO1+δ-alloy films exhibit lower
transparency (40%–70%) than stoichiometric NixCd1−xO
films (70% to 80%) with similar Ni contents. With
increasing x, the difference in transparency between
NixCd1−xO- and NixCd1−xO1+δ-alloy films increases. We
also note that the NiO thin films sputtered with higher
O2 contents (>20% of O2) exhibit even lower trans-
parency (e.g., <40%) [19]. The absorption coefficients
(α) of typical alloy films are shown in Fig. 2(b). Note
that NixCd1−xO1+δ-alloy films exhibit substantial subgap
absorption with α ∼ 3 – 5 × 104 cm−1 at 2 eV. This is
similar to the subgap absorption previously observed in
nonstoichiometric O-rich NiO films [39,40]. For the O-rich
NiO, the nonstoichiometry gives rise to native acceptor
defects, namely Ni vacancies VNi and O interstitials Oi.
The high subband-gap absorption has been attributed to
these native defects, in particular VNi-induced p–d charge
transfer transitions and/or to the d–d crystal-field transi-
tions. The magnitude of the subgap absorption qualita-
tively describes the degree of the NiO nonstoichiometry,
which, in turn, affects the p-type conductivity of the film.
For the NiO-rich NixCd1−xO1+δ alloys, we believe that the
origin of the subgap absorption is similar to that of NiO.

The optical absorption edges (EOpt
G ) of NixCd1−xO-alloy

films are estimated by extrapolating the α2 vs photon
energy plots to the energy intercept. With increasing x,
the EOpt

G of RT-sputtered NixCd1−xO-alloy film shows a
monotonous increase from 2.78 eV (x = 0) to 3.6 eV
(x = 1). The intrinsic band gap (EG) can be obtained by
taking into account the Burstein-Moss shift and the band-
gap renormalization [41,42]. The Burstein-Moss effect will
increase the optical band gap (�EBM

G ), while the band-gap-
renormalization effect due to the electron-electron interac-
tion and electron-ion interaction would narrow the optical
band gap (�EBGN), i.e., Eopt

G = EG + �EBM
G − �EBGN.

The parameter values used for calculating the band-gap
renormalization are adopted from work by Zhu et al. [43].
It is worth noting that both the Burstein-Moss shift and
the band-gap renormalization become negligible when the
carrier density (N ) is lower than 1019 cm−3. As shown in
Fig. 2(c) for NixCd1−xO with x < 0.4, since N > 1019/cm3

(Fig. 3), EOpt
G (open black squares) are significantly higher

than EG (solid black squares). A bowing parameter b is
commonly used to describe the deviation of the band
gap of a semiconductor alloy AxB1−x from Vegard’s law,
EG(x) = xEA + (1 − x)EB − bx(1 − x). A quadratic fit of
the NixCd1−xO intrinsic band gaps using a bowing parame-
ter b =−1.05 is shown as the black dashed line in Fig. 2(c).
It is found that EG of these RT-deposited NixCd1−xO-
alloy films increases from 2.28 to 3.6 eV as x increases
from 0 to 1, with a positive band-gap bowing (b =−1.05).
This is similar to the positive bowing with b = −1.26 eV
previously reported by Francis et al. for stoichiometric

FIG. 3. RT electrical properties of as-grown NixCd1−xO1+δ-
alloy films (denoted by solid squares) in the entire composi-
tion range. From top to bottom panels, they are carrier density
(N ), Hall mobility (μ), resistivity (ρ), and Seebeck coeffi-
cient (S), respectively. The electrical properties of RT-deposited
NixCd1−xO-alloy films (denoted by open squares) are also shown
for comparison.

NixCd1−xO-alloy films sputter deposited at 270 °C [36],
but is in contrast to the negative bowings commonly
observed for most semiconductor alloys. The anomalous
positive band-gap bowing for NixCd1−xO alloys has been
explained previously by a band anticrossing (BAC) inter-
action between localized 3d states of Ni and the extended
states of the NixCd1−xO-alloy host [38]. For comparison,
the EG of NixCd1−xO1+δ-alloy films are also shown (solid
red circles) in Fig. 2(c). Given the high subgap absorption
for NixCd1−xO1+δ-alloy films with x > 0.2, their Eopt

G are
obtained by extrapolating the α2 to zero with appropriate
background subtraction. Accordingly, error bars due to the
high background subgap absorption of NixCd1−xO1+δ with
x > 0.2 are also included. Note that for both NixCd1−xO
and NixCd1−xO1+δ alloys with similar x, their band gaps
are also similar.

C. Electrical transport mechanism and electronic
band structure

The electrical properties of both NixCd1−xO- (open
squares) and NixCd1-xO1+δ- (closed squares) alloy films
with different x are presented in Fig. 3. When sputtered
in pure Ar, NixCd1−xO samples are n-type conducting
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for x < 0.5, with N and μ decreasing from 4 × 1020 to
<1018/cm3 and 50 to <1 cm2/V s, respectively, as x
increases from 0 to 0.5. It is worth noting that the RT-
sputtered NixCd1−xO samples shown in Fig. 3 have very
close electron concentrations to those sputtered at a high
substrate temperature (approximately 270 °C) [36]. Simi-
larly, as will be discussed later, the decrease in electron
concentration of RT-deposited NixCd1−xO with increas-
ing Ni content can be attributed to the upward shift of
the CBM, resulting in reduced propensity of material for
n-type doping [32,38].

As seen in Fig. 3, the electron concentration in CdO-
rich NixCd1−xO1+δ is much lower and drops much faster
from 1020 to <1016/cm3 as x increases from 0 to 0.3 than in
NixCd1−xO. This suggests that adding O2 makes the films
O-rich or group-II-element (Cd or Ni) deficient resulting in
reduced concentration of O vacancy donors and increased
concentration of group-II-vacancy acceptors. Carrier com-
pensation due to acceptor defects in O-rich alloys also
results in a lower mobility compared to stoichiometric
NixCd1−xO films with similar composition. We note that
for Cd-rich NixCd1−xO1+δ alloys (0 < x < 0.4), the elec-
tron concentration can be controlled within the range of

1020–1017/cm3 by adjusting the alloy composition and the
amount of O2 in the sputtering gas. In alloy films with
x > 0.3, the mobility falls below 2 cm2/V s and can be
as low as 0.1 cm2/V s, consequently the conductivity type
determined from the Hall effect using a typical magnetic
field of 0.5 T becomes ambiguous. In order to reliably
determine the conductivity type, we also perform ther-
mopower measurements on these samples. The Seebeck
coefficients (S) for NixCd1−xO1+δ samples are also plot-
ted in the lower panel of Fig. 3. NixCd1−xO1+δ films with
x ≤ 0.3 exhibit negative S, confirming that alloys in this
composition range are indeed n type.

Unlike NixCd1−xO, which is insulating for x > 0.52,
NixCd1−xO1+δ films exhibit p-type conductivity for Ni
content x ≥ 0.38. This is evidenced by the positive S for
these samples as shown in Fig. 3. As mentioned earlier, due
to the low hole mobility in NixCd1−xO1+δ , the hole concen-
tration and μ obtained from RT Hall-effect measurements
are unreliable. However, using variable-temperature Hall-
effect measurements (shown in Fig. 4), we have found that
the hole mobility increases with temperature and becomes
higher than 1 cm2/V s for T ≥ 400 K. At the same time,
the hole concentration does not significantly change with

(a) (b)

(c) (d)

FIG. 4. Temperature-dependent
electrical properties from Hall
effect measurement for p-type
NixCd1−xO1+δ films in the tem-
perature range of 300–450 K, (a)
the hole concentration N, (b) the
hole mobility μ, (c) the resistiv-
ity ρ as a function of measurement
temperature T, and (d) plots of
ln(ρ/T) ∼ 1/T as well as the cor-
responding fits (dotted lines), with
the inset showing the correspond-
ing Ea of NixCd1−xO1+δ films vs
Ni content x.
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temperature. Hence, we can reasonably assume the hole
concentration N (RT) = N (400 K) and estimate the RT
hole mobility from the RT resistivity. The estimated RT
hole mobility of p-type NixCd1−xO1+δ films ranges from
0.07 cm2/V s for x = 1 to 1.5 cm2/V s for x = 0.73, as
shown in Fig. 3. Note that the estimated RT hole mobil-
ity for the NiO1+δ film (i.e., approximately 0.07 cm2/V s)
is similar to those previously reported for ceramic NiO
samples [44,45].

The low hole mobility of NixCd1−xO1+δ may raise
concern about their practical applications in optoelectron-
ics, since high carrier mobility is generally preferred for
devices. For example, carrier mobility directly affects the
maximum drain current and the operating frequency for
thin-film transistors, and high mobility (on the order of
10 cm2/V s) is typically required for driving displays with
higher resolution, faster frame rate, and larger panel size
[46]. While low carrier mobility limits the applications for
devices, it may not be a determining factor for certain opto-
electronic applications. For instance, low-mobility NiO
(µ < 0.1 cm2/V s) has been used to fabricate NiO/ZnO het-
ero p-n junctions for transparent oxide-based UV-sensitive
solar cells [47] or adopted as the efficient hole trans-
porting layer for high-performance perovskite solar cells
[48,49]. Note that for most transparent oxide devices, the
film thickness is rather thin (on the order of 10–100 nm)
and hence the low carrier mobility is not detrimental to
the device. Furthermore, from Fig. 3, we note that n-type
NixCd1−xO (particularly with x < 0.4) has a higher mobil-
ity of >1 cm2/V s and can be used as the thicker active
layer for a “quasi-homo” p-n junction device where the
p layer is slightly more Ni rich (e.g., x ∼ 0.45). Hence,
we believe that the p-type (including the bipolar region)
NixCd1−xO1+δ alloys would have great potential appli-
cations for emerging oxide-based bipolar optoelectronics
[50]

The resistivity of p-type NixCd1−xO1+δ films can be
further lowered by increasing the O2 partial pressure in
the sputtering gas. For instance, by increasing the O2
from 1.4% to 4%, the resistivity of Ni0.62Cd0.38O1+δ-
alloy film drops by almost an order of magnitude from
10.2 to 1.4 � cm. Hence, both n-type and p-type
NixCd1−xO1+δ−alloy films can be obtained by control-
ling the O stoichiometry in the alloy composition range
0.38 < x < 0.52. Thus, it should be possible to con-
struct p-n homojunctions between n NixCd1−xO and p
NixCd1−xO1+δ in this composition range.

Variable-temperature (from 300–450 K) Hall measure-
ments (N, μ, and ρ) for the p-type samples (0.45 ≤ x ≤ 1)
are shown in Fig. 4. Except for NiO1+δ , the hole concentra-
tion for the alloy films is rather insensitive to temperature.
N for NiO1+δ drops drastically from 1.2 × 1019 cm−3 at
T = 400 K to 1.8 × 1018 cm−3 at T = 450 K, but does not go
back to its original value as the temperature decreases. This
can be attributed to the thermal instability of O-induced

nickel vacancies or the O interstitials in the NiO1+δ film
[19]. The hole concentration at 400 K for these p-type
NixCd1−xO1+δ-alloy films ranges from 1.9 × 1017 cm−3

(x = 0.45) to 1.8 × 1019 cm−3 (x = 0.8) and they vary only
slightly with temperature, suggesting that the as sputtered
p-type NixCd1−xO1+δ-alloy films are thermally stable up
to 450 K. In contrast, the hole mobility of these p-type
NixCd1−xO1+δ-alloy films increases with temperature [see
Fig. 4(b)], for example, the mobility of the alloy film with
x ∼ 0.85 increases from approximately 4.5 to 10.6 cm2/V
s, while its hole concentration only shows a slight varia-
tion from approximately 7.1 × 1017 to 6.8 × 1017 cm−3 as
the temperature increases from 400 to 450 K. This suggests
that the conduction process in these p-type NixCd1−xO1+δ-
alloy films is mainly due to the thermal excitation of
the mobility [(i.e., small polaron hopping (SPH)], simi-
lar to the conduction process found in nonstoichiometric
NiO1+δ [21]. Figure 4(c) shows the resistivity ρ in the
range of 300–450 K. As expected, the ρ of these p-
type NixCd1−xO1+δ-alloy films decreases with increasing
T, with the exception of the NiO1+δ film at relatively high T
due to its thermal instability. According to the SPH model,
the temperature-dependent resistivity can be expressed by
ρ/T = ρ0exp(Ea/kT), where k is the Boltzmann constant
and Ea is the activation energy [51–53]. Figure 4(d) fur-
ther plots the fit of temperature-dependent resistivity data
based on the SPH model [i.e., ln(ρ/T) ∼ 1/T]. It can be
seen that the data fit well with the SPH in the range of
300–450 K. It is worth noting that the fit for the NiO1+δ

film is limited to the temperature range of 300–400 K in
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FIG. 5. Calculated subband energies for NixCd1−x O1+δ using
the BAC model [38]. Band-edge energies, i.e., VBM values
obtained by fitting the XPS valence-band spectra (square sym-
bols) are also plotted. Here, EC1 and EC2 correspond to con-
duction subbands formed by the anticrossing interaction of the
extended host CB and the localized Ni d acceptor states, while
EV1 and EV2 are the valence subbands formed by the anticrossing
interaction of the extended host valence band and the localized
Ni d donor states.
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order to reduce the effect of thermal instability at relatively
higher temperatures. The Ea extracted from the slopes of
the fits varies from 0.174 eV (x = 1) to 0.331 eV (x = 0.47),
as depicted in the inset of Fig. 4(d). The Ea for the NiO1+δ

film is comparable to values reported previously by oth-
ers (e.g., 0.17 eV for NiO1.07, 0.224 eV for Li0.006Ni0.994O)
[54,55].

The electrical and optical properties of the studied
NixCd1−xO- and NixCd1−xO1+δ-alloy films can be quali-
tatively understood in terms of the previously developed
electronic band structure that considers BAC interaction
between acceptor and donor levels associated with a par-
tially filled Ni d-shell and extended band states of the
host matrix [38]. As seen in Fig. 5, the d-acceptor level
is located well above the CBM of CdO-rich alloys and
close to the VBM in Ni-rich alloys, whereas the d-donor
level lies close to the CBM in CdO-rich alloys and well
below the VBM in NiO-rich alloys. An anticrossing inter-
action between these localized states and the extended
states of the host matrix results in the formation of two
valence (EV1, EV2) and two conduction (EC1 and EC2)
subbands. The character of the states (extended or local-
ized) depends on the location of a given band relative to
the highly localized d-levels. Thus, in the CdO-rich and
NiO-rich compositions, the highest valence subband EV1
and lowest conduction subband EC2, respectively, lie in
close proximity to the d levels and are narrow and highly
localized. Consequently, they do not contribute to optical
absorptions.

The composition dependence of the doping behavior and
the electrical properties of the NixCd1−xO1+δ alloys are
determined by the location of the CBM and VBM rela-
tive to the Fermi stabilization energy EFS located at 4.9 eV
below the vacuum level [36,56]. In CdO-rich stoichiomet-
ric NixCd1−xO, the EC2 is located well below EFS and the
n-type electrical conductivity is determined by the low for-
mation energy of donors. As seen in Fig. 5, EC2 shifts up
with increasing Ni content resulting in larger donor defect-
formation energy and lower electron concentration. The
upward shift of the EC2 explains a large reduction of the
electron concentration shown in Fig. 3 and reported in Ref
[38]. In addition, with increasing NiO content, the EC2
subband evolves from a band of fully extended states in
the CdO-rich alloy to a narrow strongly localized band
in the intermediate composition range. This explains the
rapid reduction in the electron mobility with increasing
NiO content shown in Fig. 3. The reduction of the electron
concentration and electron mobility produces a material
with immeasurable resistivity for x > 0.52.

In order to understand the difference between the proper-
ties of the stoichiometric and O-rich NixCd1−xO alloys, we
note that increasing the O chemical potential reduces the
formation energy of acceptor-like cation (Cd or Ni) vacan-
cies. Since, as has been discussed above, increasing the
NiO content in CdO-rich NixCd1−xO1+δ alloys increases
the formation energy and decreases the concentration of
donor defects, therefore, the excess O-induced acceptor
defects efficiently compensate these donors leading to a

(a) (b) (c)

FIG. 6. High-resolution XPS core-level spectra of Cd 3d5/2 (a), O 1s (b) and Ni 2p3/2 (c) for NixCd1−xO1+δ-alloy films with different
Ni content x.
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much faster reduction of the electron concentration than
in stoichiometric alloys. This is clearly confirmed by the
results in Fig. 3 where the electron concentration drops by
five orders of magnitude as x increases to about 0.38. At
x > 0.38, the donor concentration falls below the accep-
tor concentration and the alloy becomes p type with holes
conducting in the EV1 subband. As seen in Fig. 5, in the
intermediate composition range, the EV1 subband is highly
localized, which explains extremely low hole mobilities
for 0.38 < x < 0.6. The noticeable enhancement of the hole
mobility in the composition region of about x = 0.8 can be
attributed to a wider, less-localized hole-conducting EV1
band.

The proposed picture of the electronic band structure can
also help to understand the difference between the optical
properties of stoichiometric and O-rich alloys. In stoichio-
metric NixCd1−xO alloy, the EC2 subband is occupied and
the only significant optical transitions occur between EV2
and EC1 subbands. The Ni d-levels affect these transitions
only through the anticrossing interactions that push EC1
up and EV2 down close to the crossing compositions of
about x = 0.2 and 0.7, respectively. As a result, the optical
gap shows the unusual positive bowing parameter illus-
trated in Fig. 2(c) and discussed in Ref. [38]. The main
difference between stoichiometric and O-rich alloys is that
at x = 0.38, the nonstoichiometric alloy becomes p type
with the Fermi energy shifting down to the EV1 valence
subband. This allows for optical transitions from p-like
symmetry EV2 to d-like symmetry EC2. An absorption
spectrum associated with these transitions will be signif-
icantly broadened because of the highly localized nature
of the final EC2 subband states. Also, as is evident from
Fig. 5, the absorption spectrum is expected to shift to lower
energy with increasing Ni content. The results of optical
absorption shown in Fig. 2(b) are in qualitative agreement
with this interpretation.

In order to better understand the electronic properties of
RT-deposited NixCd1−xO1+δ-alloy films, high-resolution
core-level XPS spectra of the O 1s, Cd 3d5/2, and Ni 2p3/2
regions are recorded for samples with different x. All spec-
tra are recorded after a brief Ar+ sputtering to remove
the surface contamination. The binding energies are ref-
erenced to the C 1s (collected without Ar+ sputtering) at
284.8 eV. As shown in Fig. 6(a), the Cd 3d5/2 core level
peak shifts gradually from approximately 403 eV (x = 0)
to approximately 404 eV (x ∼ 0.8) as alloy composition
x increases. The measured Cd 3d5/2 peak position for the
pure CdO is comparable to values reported by others [35].
Figure 6(b) shows the O 1s core level spectra for selected
NixCd1−xO1+δ-alloy films. Apparently, these O 1s spectra
can be resolved into two components, a strong low-binding
energy (Eb) component and a weak high-binding energy
Eb component. The strong lower O 1s Eb gradually shifts
from 527.6 eV (x = 0) to 529.5 eV (x = 1). The lower O
1s Eb for the two end-point materials (i.e., CdO and NiO)

are consistent with reported values [35,57]. The monotonic
shift of this strong O 1s peak confirms that the RT-
sputtered films are random alloys. On the other hand, the
weak high-Eb component is likely due to the oxygen not in
the lattice position (e.g., O interstitials, surface-adsorbed
OH group, COOH, Ni2O3, etc.) within these alloy films
[58]. For nonstoichiometric NiO1+δ , this high Eb (approxi-
mately 531 eV) O 1s peak has been frequently assigned to
the Ni3+ related phase (e.g., Ni2O3) [59,60]. However, we
should mention that the high Eb (approximately 531 eV)
O 1s peak is also found in the NiO film sputtered in pure
Ar (not shown). Hence, a quantitative correlation between
this high-Eb peak with hole concentration cannot be
established [61].

Fig. 6(c) shows Ni 2p3/2 spectra of NixCd1−xO1+δ-
alloy films. The characteristic features of NixCd1−xO1+δ

at approximately 854, 855.8, and 861 eV are labeled as
peaks A, B, and C, corresponding to the Zhang-Rice dou-
blet bound states near the Fermi level and a hole in the O
2p ligand states, respectively [62,63]. The peak B in the Ni
2p3/2 spectrum of NiO has also been frequently attributed
to the Ni3+ (e.g., Ni2O3) states or due to the superpo-
sition of a correlation effect and Ni3+ species localized
close to the surface [62,64,65]. Notice that the intensity
ratio of peaks B to A increases with increasing x. This
may suggest an increase in the Ni3+ in the film. How-
ever, when we compare the Ni 2p spectra of NiO films
sputtered in 0% and 1.4% O2, we find no noticeable dif-
ference, implying that feature B is likely not related to the
deviation of oxygen stoichiometry. The small metallic Ni
(Ni0, Eb ∼ 852 eV) peak in Ni 2p3/2 spectra from an alloy
film with x > 0.95 is most likely due to the Ar+ sputtering
process which reduces the NiO forming some metallic Ni
clusters [66].

XPS VB spectra for NixCd1−xO1+δ-alloy films are
shown in Fig. 7. The VB of CdO is mainly composed
of O 2p, Cd 4s, and Cd 4d states [35], while the VB of
NiO is dominated by the Ni 3d8Z and Ni 3d8L states [63],
which are schematically shown at the bottom and top of
Fig. 7, respectively. Here Z and L represent a hole in the
bounding state and a hole in O 2p ligand state, respec-
tively. We notice that the features of VB spectra of these
NixCd1−xO1+δ gradually change as the Ni content x varies.
Using the same procedure as in reference [67], we assume
that the Fermi level is pinned at the surface at the Fermi sta-
bilization energy EFS (−4.9 eV) and fitting the XPS spectra
(Fig. 7) by convoluting a step function with a Gaussian
function, the VBMs with respect to vacuum are plotted
as square symbols in Fig. 5. For the NiO-rich alloys, the
measured VBM agree qualitatively with the position of
the highest lying valence subband EV1. We note that the
position of the VBM obtained from XPS VB spectra may
have contributions from the bulk, and therefore, may not
be pinned at EFS. For Cd-rich alloys, the VBMs will be
affected by the higher lying VBM of CdO at the L-point.
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Cd 4s and 4d

FIG. 7. XPS valence-band spectra of NixCd1−xO1+δ . The
dashed line spectra are fits to the XPS spectra with a step func-
tion convoluted with a Gaussian function. The O 2p (denoted
in green) and Cd 4s and 4d (denoted in blue) states of CdO are
schematically shown at the bottom, while the Ni 3d8Z (green)
and Ni 3d8L (blue) states of NiO are depicted at the top.

IV. CONCLUSIONS

Nanocrystalline NiO-CdO-alloy thin films over the
entire composition range are synthesized by radio-
frequency magnetron sputtering at RT. Alloys are sput-
ter deposited in both pure Ar (NixCd1−xO) and Ar + O2
(NixCd1−xO1+δ) environments. All of the alloy films are
nanocrystalline in the rock salt structure. The NixCd1−xO-
alloy films sputtered in Ar with x < 0.52 exhibit n-type
conductivity and become insulating for films with higher
x. When sputtered with 1.4% O2, the NixCd1−xO1+δ-alloy
films with x ≤ 0.3 are n type with higher resistivity than
NixCd1−xO films, but they become p-type conducting
when x ≥ 0.38. Hence, we have identified NiO-CdO-alloy
films within an alloy region of 0.38 ≤ x ≤ 0.52 that exhibit
both n- and p-type conductivity, depending on the growth
conditions. Within this composition range, the band gap
of the alloy is approximately 3–3.3 eV with transmittance
>50% in the visible range. A p-n homojunction based on
n NixCd1−xO and p NixCd1−xO1+δ in this composition can
be expected. The unusual electrical and optical properties
of NixCd1−xO1+δ-alloy thin films can be explained by the
modifications of the electronic band structure due to anti-
crossing interactions between localized Ni d levels and
extended VB and CB states of the alloy. In addition, we
studied the transport mechanism of p-type NixCd1−xO1+δ-
alloy films and found that the hole mobility increases with
temperature in the range of 400–450 K. This is consistent
with hole transport via a SPH process with an activation

energy Ea of 0.174 eV (x = 1) to 0.331 eV (x = 0.47). Fur-
thermore, the resistivity of n- and p-type NixCd1−xO1+δ

films can be controlled by adjusting the O2 partial pres-
sure in the sputtering gas. These results strongly suggest
that the nanocrystalline NixCd1−xO1+δ-alloy system has
great technological potential for applications in transparent
optoelectronic devices.
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