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Efficient p-type doping of sputter-deposited NiO thin films with Li, Ag, and Cu acceptors
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Nickel oxide, NiO, is an important p-type oxide semiconductor that has been studied for applications in solar
cells, junction diodes, and other optoelectronic devices. In a nominally undoped NiO, depending on its oxygen
stoichiometry, it only has a modest p-type conductivity of ∼0.1 S/cm due to Ni vacancy acceptors. However, the
overall transport can be improved by extrinsic doping. In this study, we carry out a combined experiment and
computational study of the effects of acceptor dopants, including Li, Ag, and Cu on the properties of NiO. Our
ab initio calculations show that among all the acceptors studied, substitutional Li (LiNi) acceptor species has the
lowest formation and ionization energies. Measured electrical properties of the undoped and doped oxygen-rich
NiO (NiO1+δ) show an increase in conductivity and hole concentration for the doped samples. In particular, Li
is an efficient acceptor to achieve highly conducting p-type NiO with >40% transmittance in the visible range
for a 100-nm-thick film. The improvement in the electrical properties with different dopant species studied is
in good agreement with the calculated defect formation and ionization energies. A remarkable increase in the
temperature-dependent Hall mobility is also observed in the doped samples. Based on the small-polaron hoping
model, we analyzed the conduction mechanism in the doped samples, which revealed a hopping dominated
activation with energies in the range of 172–208 meV.
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I. INTRODUCTION

The development of p-type materials that combine high
optical transparency with excellent electrical properties is
of great technological interest [1]. Wide band-gap transition
metal (TM) oxides constitute an important class of materi-
als that have been explored for applications as transparent
conductors (TCs) [2,3]. However, most TM oxides have the
proclivity to be n-type, and p-type doping of these oxides
is difficult, if not impossible. This can be attributed to the
mostly O 2p character of the valence band states in TM
oxides; and this makes the development of TM oxide-based
p-type TCs with comparable properties as their n-type coun-
terparts such as In2O3, SnO2, and ZnO challenging [4,5]. A
notable exception is NiO, which is one of the few p-type
TM oxides. Moreover, NiO also has a wide direct energy
band gap of approximately 3.4–4.1 eV; making it useful for
a broad range of electronic and optoelectronic device ap-
plications such as ultraviolet photodetectors, heterojunction
diodes, electrochromic devices, and as hole transport layers
in perovskite and organic solar cells [6–10].

Nominally undoped NiO is insulating but becomes p-type
conducting when grown in oxygen-rich conditions, primar-
ily due to the presence of Ni vacancies (VNi) which have

*che218@lehigh.edu
†kinmanyu@cityu.edu.hk

a relatively low formation energy [11,12]. In contrast, the
compensating donor defects or “hole killers,” such as oxygen
vacancies, VO, and Ni interstitials, Nii are much less likely to
form due to their higher formation energies [11]. However,
the p-type conductivity in O-rich NiO due to native acceptors
is limited and unstable. Intentional doping of NiO by accep-
tor impurities to increase the free hole density and achieve
better, stable p-type conductivity has been explored. In recent
decades, a lot of work has been carried out to improve the
conductivity of NiO with substitutional dopants such as Li
[13], Cs [14], Cu [15], Co [16], and Al [17].

In general, the formation energy of extrinsic dopant defects
in a semiconductor gives insights on the dopant solubility,
while its ionization energy determines the free carrier con-
centration at room temperature. Furthermore, as the dopant
concentration increases, the formation of compensating native
defects may become energetically favorable, and hence limit
the doping efficiency. Therefore, for efficient p-type doping
in NiO with high dopant concentration, the acceptor dopant
must have low formation energy and relatively low ionization
energy. At the same time, formation energies of compensating
native donor defects (such as Ni interstitials Nii and O vacan-
cies VO) have to be high [18].

Developing a highly conducting p-type NiO requires an
understanding of the nature and interaction of these extrin-
sic dopants with the host atoms and various native defects
present in the material. Hence, it is necessary to establish a de-
tailed understanding of the effects of acceptor dopants on the
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optoelectronic properties of NiO. In this study, we combine
experimental work with ab initio calculations to explore the
changes in the electrical and optical properties of NiO doped
with several acceptor species, namely, Li, Cu, and Ag. We
synthesized NiO thin films with different concentrations of
Li, Cu, and Ag dopants by the radio frequency (RF) mag-
netron sputtering method using pure argon and a mixture
of Ar + O2 as the sputtering gas to obtain “stoichiometric”
(NiO) and O-rich materials (NiO1+δ), respectively. We per-
formed detailed characterization of the influence of various
dopants on optical and transport properties of the deposited
samples. The transport properties were further studied us-
ing temperature dependent Hall measurements and analyzed
with the Arrhenius conduction and the hopping conduction
models. Experimental results are correlated with calculated
defect formation energies and transition levels of the various
dopant species. Comparisons of measured core level x-ray
photoelectron and valence band spectra with the calculated
total and projected density of states provided further insights
on the influence of the dopants on the electronic structure of
NiO thin films. Our experimental and calculated results show
that although Cu and Ag can be used to improve the p-type
conductivity of NiO1+δ , Li is the most efficient acceptor to
achieve a highly conducting and transparent p-type NiO1+δ .

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experiments

Doped and undoped NiO and O-rich NiO (NiO1+δ)
thin-film samples were deposited at room temperature on
glass substrates using a multigun radio-frequency (RF) mag-
netron sputtering system. The oxygen flow ratio, r(O2) =
f (O2)/[ f (Ar) + f (O2)] in the sputtering gas was controlled
by flowing pure Ar and O2 during deposition. All O-rich
samples were grown in an O-rich environment with a r(O2) =
1.4%. Cu and Ag doping were achieved by co-sputtering NiO
with Cu and Ag metal targets, respectively using a DC power
source. Films with desired Cu and Ag dopant composition
were obtained by varying the sputtering power of the metal
and NiO targets. Li doping was achieved by using a Li doped
NiO ceramic target (with 9% Li), and films with Li composi-
tion lower than 9% was achieved by co-sputtering with a NiO
target.

Film stoichiometry and thickness were measured by
Rutherford backscattering (RBS) using a 3.04-MeV He++
beam. Film thicknesses in the range of 80–120 nm were deter-
mined by RBS. Grazing incidence x-ray diffraction (GIXRD)
with a grazing incidence angle of 1° was used to charac-
terize the film structure. All the films were polycrystalline
with an average grain size of ∼16 nm, as revealed from the
diffraction peak widths. Rocksalt (111) and (200) diffrac-
tion peaks are observed in XRD patterns from all samples.
Electrical properties of doped and undoped NiO1+δ thin films
were investigated by variable-temperature (200–500 K) Hall
effect measurements in the van der Pauw geometry with a
magnetic field of 0.54 T using a commercial (Ecopia HMS-
5300) system. Room temperature thermopower measurements
were obtained using an MMR SB1000 thermopower sys-
tem. Optical properties of doped and undoped NiO films
were studied by UV-Vis-NIR spectrophotometry and standard

spectroscopic ellipsometry (SE) between the spectral range
of 0.74–6.5 eV. In the SE measurement, the ellipsometry pa-
rameters, amplitude ratio, � and phase difference, � spectra
were recorded at incident angles of 55°, 65°, and 75°. The real
and imaginary parts of the complex dielectric function were
obtained by fitting the � and � spectra from all the angles
of incidence using a model with Tauc-Lorentz oscillators.
The surface roughness was accounted for via the Bruggeman
effective medium approximation [19]. The dielectric function
of the glass substrate used has been described previously
[20]. The core levels and valence band spectra were probed
by high-resolution x-ray photoelectron spectroscopy (XPS)
using a monochromatic Al Kα x-ray source. Collected pho-
toelectrons were analyzed using a concentric hemispherical
analyzer system. Electrostatic charging effects for insulating
samples were corrected by monitoring the binding energy
of the C 1s photoemission signal from surface hydrocarbon
contaminants.

B. Computational approach

Our calculations were based on first-principles density
functional theory [21,22]. We used the Perdew-Burke-
Ernzerhof exchange-correlation functional [23] and the pro-
jector augmented-wave basis set as implemented in the Vienna
ab initio simulation package (VASP) [24]. To account for
electron-electron interactions and exchange coupling interac-
tions of the valence d states, we used the Hubbard potential
U and the exchange interaction J (DFT + U). We adopt a U
value of 5.10 eV for Ni, which is smaller than the typical value
of ∼7–8 eV used for NiO. This choice of U is motivated by
previous works that show smaller U values better describes
the experimental optical properties [25]. For Cu, we used a U
value of ∼7.0 eV from a previous study [26], and a J value
of 0.95 eV is adopted for the respective atoms. We note that
a different choice of U value for Cu-d states has a negligible
impact on the electronic and optical properties because the
contribution of the Cu-d state to the states in the proximity
of the Fermi level is very small. The unit cell of NiO is
rocksalt with a rhombohedral symmetry due to the type-II an-
tiferromagnetic order along the [111] direction. For the defect
calculations, we used a 108-atom rhombohedral supercell and
doping concentration of 3.70%, for effective comparison to
∼4.0% doping concentration data in the experiment. All the
structures were relaxed with a �-point sample of the recipro-
cal space, allowing all the atomic positions and cell volume
to relax until the energy (charge) is converged to within
∼10−3 eV (10−6 eV) and the forces dropped to 10−3 eV/Å.
The self-consistency calculations used a 3×3×3 k-point grid
to represent the reciprocal space. They were performed in the
antiferromagnetic phase maintaining the type-II antiferromag-
netic order of NiO using a collinear spin-polarized approach
with a kinetic energy cutoff of 550 eV for the plane-wave basis
set. The electronic structures were used to obtain the optical
properties based on the linear response function.

The formation energy E f (X, q) of a defect X in charge state
q in our calculation is described by

E f (X, q)=Etot (X, q) − Etot (bulk) −
∑

i

niμi + qEF + Ecorr,

(1)
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where Etot (X, q) is the total energy associated with each
charged/neutral defect in NiO, Etot(bulk) is the total energy
of the pristine NiO, EF is the energy of the Fermi level, ni

is the number of atoms of type i (host atom or impurity atom)
that have been removed from (ni < 0) or added to (ni > 0) the
perfect crystal to form the defect, μi is the chemical potential
associated with elemental species, i referenced to the total
energy per atom of the respective standard phase, and Ecorr

is the sum of all the needed correction energy, including a
correction term due to the presence of periodic images that
becomes necessary for charged defects in the supercell cal-
culations [27]. Charge transition level ε(q1/q2) defined as the
Fermi level values for which two charge states q1 and q2 have
equal defect formation energies is obtained as

(q1/q2)
E f (X, q1; EF = 0) − E f (X, q2; EF = 0)

q2 − q1
, (2)

where E f (X, q; EF = 0) is the formation energy of the defect
X in the charge state q when the Fermi level is at the valence
band maximum (VBM) (EF = 0). The position of the transi-
tion level is an indication of how shallow or deep a charged
defect state is with reference to the valence band maximum
(VBM).

In our calculations, integral quantities such as the local
magnetic moments at the Ni sites are used to obtain the de-
gree of localization in the system. However, due to the local
reorganization, some of the typically nonmagnetic systems ac-
quire small but finite magnetic moments, leading to enhanced
magnetic behavior. The obtained local magnetic moments, m
in μB for the antiferromagnetic NiO is 1.62 μB. The computed
value agrees closely with values obtained previously by Rödl
et al. [28] but underestimates the experimental local magnetic
moments in NiO, which has a value of 1.90 μB [29]. The
dopants in NiO led to negligible changes in the magnetic
moment of NiO. The calculated local magnetic moments of
Li, Cu, and Ag doped NiO are 1.61 μB, 1.62 μB, and 1.68 μB,
respectively. In the defect structures, the O atom acquired a
small but finite magnetic moment of ±0.02 μB. We predict
the magnetic moment of Li in NiO:Li to be −0.04 μB while
that of Ag in NiO:Ag is obtained to be 0.18 μB. The magnetic
moment of Cu in NiO:Cu is predicted to be 0.62 μB, very
close to ∼0.68 μB reported by experiment and computation
for Cu in CuO [26,30,31].

III. RESULTS AND DISCUSSION

A. Optical properties

The real (ε1) and imaginary (ε2) parts of the complex
dielectric functions [ε(ω) = ε1(ω) + iε2(ω)] of our 4% doped
thin films obtained by SE fittings are presented in Figs. 1(a)
and 1(c), respectively, while the calculated spectra are shown
in Figs. 1(b) and 1(d). Note that these samples were grown in
pure Ar environment (“stoichiometric” NiO films); hence no
intentional Ni vacancies are introduced. Only slight changes
in the ε1 and ε2 spectra of these deposited films are observed
with doping. These experimental ε1(ω) and ε2(ω) spectra
agree reasonably well with the calculated data for energies
>1 eV. Doping induced variations in both ε1 and ε2 are more
evident across the photon energies in the calculated spectra.

Calculated ε1 spectra [Fig. 1(b)] of all the doped samples show
a decrease in the peak amplitude at ∼3 eV. Compared to the
undoped NiO, the calculated ε1 of the NiO:Li and NiO:Ag
shows a marked decrease below 2 eV. Since the absorption
coefficient α is related to ε2, the onsets of ε2 at ∼3 eV for
all samples indicate transitions between the VBM and the
conduction minimum (CBM). The calculated ε2 spectra in
Fig. 1(d) shows that above this fundamental absorption edge,
ε2 rises to an asymmetrical peak at ∼3.6 eV (E1). A decrease
in the amplitude of this characteristic E1 peak at ∼3.6 is also
observed for the doped samples. Notably, in the calculated
results, ε2 of doped NiO differs substantially from that of the
undoped NiO for energies <2 eV. Among the doped samples,
the ε2 spectra of NiO:Cu show the least changes but with
a small local maximum at ∼1.5 eV. The ε2 spectra of the
NiO:Ag show a gradual increase below 2 eV with a local
maximum at ∼0.6 eV. For the NiO:Li, the ε2 spectra show
similar behavior as the Ag-doped sample except that a local
maximum is not observable but it exhibits a strong increase
for photon energy <0.5 eV.

Absorption coefficients of the undoped and doped NiO
obtained from the calculated dielectric functions are shown in
Fig. 2(a). The computed spectra show that the incorporation
of any of three dopants leads to increased sub-gap absorption
of NiO, especially for energies <2 eV. The magnitude of these
defect-induced sub-gap absorptions below 3 eV is different for
different dopants with their local maximum at ∼0.5, 0.8, and
1.5 eV for Li, Ag, and Cu dopants, respectively. In Fig. 2(b),
the experimental absorption coefficient spectra extracted from
the SE data for the samples grown in Ar and O-rich conditions
are compared. Note that for the “stoichiometric” samples,
the calculated spectra in Fig. 2(a) exhibit more features at
higher photon energies compared to the experimental spectra
in Fig. 2(b), likely due to the small broadening parameter
∼10−3 used in our calculations. The crystallinity and the grain
size of the polycrystalline films may also broaden these fea-
tures in the experimental data. In the experimental absorption
coefficient spectra shown in Fig. 2(b), only slight increase in
subgap absorption are observed for NiO films with doping
while the local maxima present in the calculated spectra are
not detected in the experimental data.

From Fig. 2(b), the experimental absorption coefficient of
the O-rich thin films (NiO1+δ) (dashed lines) shows substan-
tial increase in subgap absorptions for energies <3 eV which
is attributed to Ni vacancy defects. The calculated absorption
coefficient of an undoped NiO with VNi in Fig. 2(a) illustrates
the strong effect of these native defects on the optical property
of NiO in good agreement with the experimental absorption
coefficients of the NiO1+δ samples in Fig. 2(b). Note that both
the experimental and calculated results show that the effects
of VNi are dominant in the subgap absorption of both doped
and undoped NiO1+δ samples and the effects of dopants on
the absorption become insignificant.

Values of the optical band gap extracted from our calcu-
lations are also compared with the experimental results as
shown in Table I. The experimental results were obtained
via the extrapolation of the (αhν)2 versus hν plot of the
absorption coefficient for the “stoichiometric” films grown
without extra oxygen. Our experiments show that band gap
of NiO decrease slightly when doped with the acceptors by
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FIG. 1. Measured (a) real ε1 and (c) imaginary ε2 parts and calculated (b) real ε1 and (d) imaginary ε2 parts of the complex dielectric
function of NiO and doped NiO systems.

∼0.15–0.2 eV. A similar dopant induced band-gap reduction
is also observed in the calculated results. Compared to the
experimental results, band gaps obtained by our calculations
are consistently lower by ∼0.3 eV.

It is well established that the presence of Ni vacancies,
VNi in NiO grown in an O-rich condition results in p-type
conductivity. The undoped and doped NiO1+δ films are p-type
conducting and their electrical properties will be discussed in
the next section. As shown in Fig. 2(b) the subgap absorption
is significant in all these p-type conducting films, presumably
arising from defect gap states. The high subgap absorption
coefficient of these materials results in a strong reduction
in the film transmittance. Figure 3 shows the transmission
intensity for 100-nm-thick p-type undoped and doped NiO1+δ

compared with that of a “stoichiometric” undoped NiO. No-
tice the strong reduction in the transmittance of the O-rich
samples compared with the stoichiometric sample. While the
transmittance of the NiO1+δ:Li film is similar to the undoped
NiO1+δ , a slight reduction is observed for NiO1+δ films doped
with Cu and Ag.

B. Electrical properties

In the electrical properties of the doped and undoped p-
type NiO1+δ , the hole generation mechanism can be described
using the Kroger-Vink notation [32]. The primary native ac-
ceptors in NiO1+δ are Ni vacancies, VNi and/or O interstitials,
Oi. They can contribute free holes (�) when ionized [singly
charged (V ′

Ni and O′
i) or doubly charged (V ′′

Ni and O′′
i )] accord-

ing to the reactions

VNi � V ′
Ni + ⊕, (3)

V ′
Ni � V ′′

Ni + ⊕, (4)

Oi � O′
i + ⊕, (5)

O′
i � O′′

i + ⊕. (6)

With additional extrinsic doping with acceptor species M
(M = Li, Cu, and Ag in this study), M can substitute Ni
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FIG. 2. (a) Calculated absorption spectra of stoichiometric NiO, NiO with Ni vacancies, and doped NiO. (b) Absorption spectra extracted
from fittings of spectroscopic ellipsometry data for undoped and doped NiO (solid lines) and undoped and doped NiO1+δ (dashed lines).

forming MNi giving rise to free holes according to the reaction

MNi � M ′
Ni + ⊕. (7)

Therefore it is expected that extrinsic doping with M acceptors
will lead to an improvement in the p-type conductivity com-
pared to undoped NiO1+δ samples provided the M acceptors
can reside on substitutional Ni site and form relatively shallow
acceptor levels.

1. Hall effect measurements

Table II summarizes the room temperature (RT) resistivity,
ρ of 4% doped and undoped NiO1+δ thin films. The 4% doped
samples were selected for the purpose of direct comparing
the measured optical and electrical properties with the cal-
culated optical properties and the formation and transition
energies. In Table S1 [33], we further showed the changes
in the electrical properties of the NiO1+δ thin films with Li,
Cu and Ag doping at different dopant concentration obtained
from RT Hall effect measurements. Table II shows that the
resistivity decreases with doping. Among the dopant species,
Li leads to the highest decrease in the resistivity and achieves
a ρ(RT) ∼ 0.2 � cm. We note that the RT mobilities of NiO
are rather low (on the order of 10−1 cm2 V−1 s−1), and may
not be accurately determined from our hall setup, this also
makes the conductivity type ambiguous [34,35]. However, at
temperatures above 380 K, as shown in Fig. 4, all samples
exhibit reliable Hall mobilities ∼μh > 1.5 cm2 V−1 s−1, with

TABLE I. Calculated and experimental optical band gap of un-
doped and doped NiO.

NiO Li:NiO Cu:NiO Ag:NiO

Calculation 3.24 3.03 3.10 3.09
Experiment 3.60 3.45 3.42 3.40

only small variations in the hole concentration, p. Hence we
can reasonably estimate the RT mobilities by using the RT
resistivity and assuming that RT hole concentation is equal to
the hole concentration at 380 K; p(RT) = p(380 K) [36,37].
The results are tabulated in Table II. Moreover, room tem-
perature thermopower measurements were performed, and all
undoped and doped NiO1+δ samples are confirmed to be p-
type from their positive Seebeck coefficients, S as shown in

FIG. 3. Measured transmission intensity for the p-type undoped
and doped O-rich NiO1+δ thin films with thickness of 100 nm. Sto-
ichiometric NiO transmission intensity spectrum is also shown for
comparison.
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TABLE II. RT measured resistivity, Seebeck coefficient, and es-
timated RT mobility values of 4% doped and undoped NiO1+δ .

Sample ρ (� cm) S (μV/K) μ(cm2 V−1 s−1)

Undoped NiO1+δ 2.85 +108 0.440
Li doped 0.20 +60 1.5
Cu doped 0.81 +83 0.97
Ag doped 0.24 +67 0.60

Table II. Comparing to the undoped sample (S = 106 μV/K),
values of S for the doped NiO1+δ are lower by a factor of
25%–45% (in the range of 60–83 μV/K). Since the magnitude
of S decreases with increasing carrier concentration [38], our
results suggest that the doped NiO1+δ films have higher hole
concentration.

Electrical properties of the doped polycrystalline NiO1+δ

thin films in this study shown in Table II are comparable
and in many cases much better than previously reported NiO
thin films with equivalent doping levels deposited by simi-
lar physical vapor deposition methods. For instance, Dutta
et al., obtained a resistivity of 0.41 � cm for their ∼4%
LixNi1−xO thin films [39], Zhang et al., obtained a resistivity
of 0.37 � cm and a mobility of 0.047 cm2 V−1 s−1 for their 3%
Li doped NiO thin films [40]. For a Li doping concentration of
∼6%, Jang et al., reported an electrical resistivity of ∼0.39 �-
cm [13]. A resistivity of 35.8 � cm was reported by Chen
et al., for ∼9% Cu doped NiO thin films [41]. Ishikawa et al.,
showed a resistivity of ∼8.3 � cm for their ∼9% Ag doped
thin film samples [42].

Figure 4 shows the temperature dependence of the resis-
tivity ρ, hole concentration p, and hall mobility μh of 4%
doped and undoped NiO1+δ . We observe that the Li doped
NiO1+δ sample exhibits the best electrical properties (highest
μ and lowest ρ) compared to undoped and Cu- and Ag-doped
samples. Moreover, all samples show the characteristic semi-
conductor behavior of decreasing resistivity with increasing
temperature. Compared to the undoped sample, the p-type
resistivity shows a remarkable decrease with doping. Li doped
samples exhibit the lowest resistivity across measured tem-
perature range followed by Ag-doped and Cu doped samples,

respectively. Reliable hole concentration and Hall mobility for
temperatures between 360–450 K are presented in Figs. 4(b)
and 4(c), respectively. From Fig. 4(b), only a slight decrease
in the hole concentration is observed for all samples with in-
creasing temperature. In contrast, the increase in the mobility
with temperature in various samples shown in Fig. 4(c) is
more notable. The temperature dependence of μh of the Li
doped sample is particularly strong. For example, μh increases
from ∼5 cm2 V−1 s−1 at 380 K to ∼15 cm2 V−1 s−1 at 450 K.

2. Formation and transition energies of dopants

To understand the measured electrical properties of the
various NiO samples, we also carried out ab initio calculations
of the formation and transition energies of native as well as
the dopant defects in NiO1+δ and the results are presented in
Table III. As shown in Table III, the transition levels of VNi,
ε(0/−1) = EV + 0.39 eV is obtained. The calculated forma-
tion energy of the substitutional dopants MNi is lower than
that of VNi. The lower formation energies of the dopants are
expected to lead to a higher equilibrium solubility which in
turn leads to an increase in the hole density. From our calcu-
lated data, among the dopants, LiNi has the lowest formation
energy, followed by Cu and Ag dopants. Moreover, E f (LiNi)
has a negative value, suggesting that the formation of this
defect is energetically favorable, and the solubility of Li in
NiO is expected to be high.

In Table III, the charge transition levels ε(q1/q2) of the
substitutional dopant defects are referenced to the valence
band maximum. The hole concentration for doped samples
showed only a slight temperature dependence, suggesting that
shallow acceptors are prevalent. Among the dopant species
studied, LiNi also has the shallowest transition level ε(0/−1)
of +0.12 eV, and its hole concentration shows the least varia-
tion with temperature. A combination of low formation energy
and small charge transition state enables Li dopant to be an
efficient acceptor in NiO which can achieve highly p-type
conducting NiO1+δ . Lany et al., also reported similar low
formation energies for Li dopants in NiO [11]. The calculated
results in Table III also suggest that although Cu and Ag are
not as efficient as Li as p-type dopant, CuNi and AgNi have
relatively low formation energies leading to high solubility

FIG. 4. Temperature dependence of (a) resistivity, (b) hole concentration, and (c) mobility of undoped and doped NiO1+δ thin films.
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TABLE III. Calculated formation energies and transition level
for the electrically active dopant defects of 3.7% Li, Cu, and Ag and
3.7% Ni vacancies.

Defect E f (q = 0) E f (q = −1) E f (q = −2) ε(0/−1) ε(−1/−2)

VNi 6.593 6.992 8.398 0.39 1.70
LiNi −1.920 −1.792 – 0.12 –
CuNi 2.021 2.051 2.413 0.3 1.18
AgNi 4.451 4.817 4.812 0.36 0.99

in NiO and hence result in higher carrier concentration than
undoped samples. This is in good agreement with our Hall
measurements shown in Table II and Fig. 4.

3. Transport mechanism

In the variable-temperature data for both undoped and
doped NiO1+δ , the increase in mobility at almost constant
carrier concentration for temperatures above 360 K suggests
a possible thermally activated hopping. To study the transport
properties, we consider polaronic effects in these NiO1+δ sam-
ples due to the low mobilities obtained from the Hall data at
room temperature and the remarkable increase in mobility at
high temperature. Small polaron hopping (SPH) conduction
due to self-trapping of holes in p-type materials lead to un-
favorable low mobilities described by the Bosman-van Daal
limit [43–45]. The carrier self-trapping, which is a result of
the localization of holes at a specific lattice location, forming a
hole state leads to these low mobilities. This SPH mechanism
and the variable range hopping have been used to successfully
describe hole conduction in p-type NiO and other p-type
metal oxide systems previously [11,37,38,43].

In the SPH model, the temperature and conductivity can be
related according to the equation; σT = σ0T exp(−Eah/kT ),
where k is the Boltzmann constant, and Eah is the hop-
ing activation energy [40,46,47]. Plots of the measured
temperature-dependent conductivity data for the various sam-
ples according to the SPH model, ln(σT) versus (1/T), are
shown in Fig. 5(a). Reasonable linear fits can be obtained for

all plots in the measured temperature range as shown with the
dashed lines.

Table IV shows the hopping activation energies, Eah for
undoped, Cu-, Ag-, and Li-doped NiO1+δ thin films. These
results are close to the reported hopping activation energy
for Li-doped NiO epitaxial thin films (0.166–0.224 eV) [40].
These hopping activation energies directly impact the na-
ture of hole mobilities in this high-temperature range. From
Table IV, we find that undoped and Ag-doped NiO1+δ films
have higher hopping activation energies, resulting in a much
smaller increase in the mobility at elevated temperature, as
shown in Fig. 4(c).

To further study whether the measured carrier activation
is indeed limited by the hopping activation or acceptor acti-
vation, the temperature dependence of the acceptor activation
energy using the Arrhenius plot is also analyzed and presented
in Fig. 5(b). The Arrhenius activation energies, Ea are also
shown in Table IV. The Arrhenius activation energies for all
samples are smaller than the hopping activation energies, in-
dicating that the conductivity in our system may be dominated
by hopping conduction [47]. The obtained hopping activation
energies for our system show that the thermal ionization for
the hole bound small polarons are quite low compared to many
oxide materials which require comparatively higher energies
of ∼>0.5 eV [48].

C. Electronic structure and density of states

To explore the effects of these dopants and understand the
electronic properties of doped NiO thin films, we compare
their electronic structures obtained by high-resolution x-ray
photoelectron spectroscopy (XPS) with the calculated density
of states (DOS). From our calculated total density of states
shown in Fig. S1 [33], we observed no significant changes
when dopants are introduced in NiO. This is expected as
the dopant concentration at 4% may not lead to significant
changes in the electronic structure. However, slight distinc-
tions are observed in the valence band maximum positions of
the DOS for the doped systems compared to undoped NiO. In
particular, the onset of the valence band maximum is closer to

FIG. 5. Temperature-dependent conductivity plotted in (a) the small polaron hopping conduction model (b) Arrhenius conduction model.
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TABLE IV. Hopping activation (SPH) and Arrhenius activation
energies obtained from fitting the electrical data (Fig. 5).

Sample SPH Eah(eV) Arrhenius Ea (eV)

Undoped NiO1+δ 0.208 ± 0.023 0.180 ± 0.021
Li doped 0.172 ± 0.015 0.144 ± 0.012
Cu doped 0.198 ± 0.007 0.170 ± 0.004
Ag doped 0.201 ± 0.009 0.172 ± 0.005

the Fermi energy at 0 eV for the Li doped NiO compared to
the undoped NiO. This is attributed to the shallow Li acceptor
states.

The XPS valence band spectra of doped and undoped NiO
are shown in Fig. 6. Relative positions of the VBM (EV ) with
respect to the Fermi level EF (EF − EV ) were obtained by
convoluting a step function with a Gaussian function accord-
ing to the procedure outlined previously [49]. An (EF − EV )
value of ≈0.4 eV is obtained for undoped NiO thin film.
With Cu and Ag doping, the EF moves closer to EV so that
(EF − EV ) ≈ 0.3 eV. A more dramatic decrease in (EF − EV )
to ≈0.1 eV is observed for the Li doped NiO. The movement
of the Fermi level closer to the valence band with doping is
consistent with the increase in hole concentration and this is
also in good agreement with the calculated DOS shown in
Fig. S1 [33].

FIG. 6. XPS valence-band spectra of NiO and doped NiO. The
dashed line spectra are fits to the XPS spectra with a step func-
tion convoluted with a Gaussian function used to determine the
(EF − EV ) value of the films.

IV. CONCLUSIONS

Achieving good hole mobility and conductivity is generally
difficult in p-type TM binary oxides due to their high hole ef-
fective mass caused by the nature of the valence band. Among
known p-type oxides, a high energy position of the valence
band maximum in NiO facilitates its p-type dopability. In
this work, we compared the effects of acceptor dopants on
the optical and electrical properties as well as the electronic
structures of NiO through a combination of experimental and
computational approaches. Li-, Cu-, Ag-doped, and undoped
polycrystalline NiO and O-rich NiO (NiO1+δ) were synthe-
sized by RF magnetron sputtering. We demonstrate that the
electrical properties of p-type NiO1+δ can be improved by
all the extrinsic acceptor dopants in this study. In particular,
we find that the Li doped sample shows the most promis-
ing electrical properties followed by the Ag-doped samples,
while Cu doping results in a relatively smaller improvement.
The room temperature p-type conductivity of NiO1+δ doped
with Li, Ag, and Cu is 5.0, 4.16, and 1.23 S/cm, respec-
tively while the undoped NiO1+δ has a lower conductivity
of 0.35 S/cm. Variable temperature mobility measurements
indicate a thermally activated behavior in all the thin films
and the carrier transport can be explained by a small polaron
hopping conduction mechanism. Hopping activation energies
which varied slightly with dopant type in the range of 172–
208 meV are obtained. The formation energies and charge
ionization energies obtained for the dopants through our ab
initio calculations are consistent with the differences in the
experimental electrical properties of the doped systems. The
obtained optical properties and band gap are also comparable
to the experimentally obtained values. The complex dielectric
functions of the doped and undoped NiO show the influence
of the dopants on the optical properties of the NiO system. Ex-
periments and computations both show that O-rich NiO films
have high subgap absorption compared to NiO films, which
is attributed to VNi defects induced p-d charge transitions. Our
work demonstrates that among possible p-type dopants, Li is
an efficient acceptor to achieve highly conducting p-type NiO
with good mobility values especially at elevated temperatures
and a >40% transmittance in the visible range.
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