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Impacts of O,/(O,+Ar) Flow Ratio on the Properties of
Li-Doped NiO Thin Films Fabricated by Pressure-Gradient
Radiofrequency Magnetron Sputtering

Yosuke Abe,* Takahito Nishimura, and Akira Yamada

Herein, Li-doped NiO thin films are deposited on glass substrates using
pressure-gradient radiofrequency magnetron sputtering, with Ar and O, as
sputtering gases. Following film fabrication, their crystal structures, optical
features, and electrical properties are investigated as functions of O, flow rate to
the total flow rate (O,/(O, + Ar)) of 10 sccm. The deposited films are also
annealed at 600 °C for 1 h in an oxygen atmosphere. Notably, the resistivity of the
as-deposited films decreases significantly by three orders of magnitude from 106
to 0.0232 Q@ cm when the sputtering gas is changed from pure Ar to pure

O,. However, the transmittance decreases with increasing oxygen flow rate.
Investigations on the temperature dependence of conductivity reveal hole
conduction in the range of ~320-420 K owing to small polaron hopping.

1. Introduction

Transparent-conductive-oxide (TCO) thin films have gained
prominence in various application fields such as solar cells,™?
light-emitting diodes,” and gas sensors.[! The most widely rec-
ognized TCO thin films, such as In,0,% and Zn0,"* are typi-
cally n-type semiconductors. While these n-type TCO materials
have been extensively researched and adopted, p-type TCO has
not been studied as much as n-type TCO. Nevertheless, NiO,
a p-type TCO material, has attracted significant attention owing
to its remarkable electrical and optical properties.

NiO features a rock-salt crystal structure and is classified as a
wide-bandgap semiconductor with a bandgap ranging from 3.6
to 4.0 eV."”) While stoichiometric NiO exhibits a high resistivity of
10" Q cm,™ nonstoichiometric NiO thin films demonstrate
p-type conductivity owing to the presence of native defects such
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as Ni vacancies and interstitial oxygen.”'!]

However, these defects can deteriorate
transparency, necessitating the use of dop-
ants such as Li, Cu, and Ag to maintain
high acceptor density and transparency.
Among these, Li was selected as the dopant
in this study owing to its reported ability to
exhibit the lowest resistivity while main-
taining transparency.'?  Furthermore,
NiO is applied in UV light-emitting
diodes,!** UV photodetectors,™ and trans-
parent solar cells,!”) taking advantage of its
wide bandgap and low resistivity. In addi-
tion, NiO is also used as a hole transport
layer in solar cells, with applications
extending to perovskite solar cells!* and
Cu,ZnSnS, solar cells.'® Notably, improv-
ing the back contact characteristics of Cu(In,Ga)Se;, solar cells is
essential to further increase their efficiency. Remarkably, intro-
ducing a p-type semiconductor with excellent electrical proper-
ties as a hole transport layer is anticipated to be beneficial in
this context.!"”)

To date, NiO thin films have been fabricated using several
methods, including sputtering,'*2% sol-gel deposition,*>*?
and pulsed laser deposition.”?! In this study, film deposition
was conducted using pressure-gradient radiofrequency magne-
tron sputtering (PGS: pressure gradient sputtering). Deposition
using PGS has been applied to materials such as CNP** and
AIN,*! but there are few reports of fabricating oxides like
NiO. Here, Li-doped NiO (NiO:Li) thin films were deposited
on glass substrates using the PGS method. Subsequently, the
crystal structure, electrical properties, and optical features of
these films were examined with O, flow rate to the total flow rate.
Additionally, after NiO film deposition, annealing was conducted
at 600 °C for 1 h in O, atmosphere, and its effects were examined.

2. Experimental Section

NiO:Li thin films were deposited on glass substrates (Corning
Eagle XG) using the PGS method with NiO-Li,CO; (Ni:Li =
95:5 at%) targets. Figure 1 depicts the structure of the PGS sys-
tem. In conventional sputtering, the supplied gas spreads
throughout the chamber as depicted by the blue line in the figure,
resulting in an approximately constant pressure between the sub-
strate and target. Conversely, in PGS, the gas is supplied from
the side of the cathode, and a lid with a hole, partially covering
the target, confines the gas near the target, creating a pressure
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Figure 1. Schematic of the PGS system.

gradient between the substrate and target, as indicated by the red
line. This configuration creates a high density of plasma above
the target. Thus, the pressure near the substrate is maintained at
a lower value relative to that near the target, resulting in a longer
mean free path for sputtering particles and less plasma-induced
damage to the substrate. In this study, local pressures near the
target and substrate were measured using a pressure sensor
(OKANO WORKS ATP-032S). This small, thermally conductive
pressure sensor—with a length, width, and height of 35, 20, and
7 mm, respectively—was positioned close to the target and sub-
strate to monitor local pressures before NiO:Li film deposition.
Presputtering was performed for 20 min at a pressure of 0.25 Pa
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near the target in an Ar atmosphere. The substrate—target dis-
tance was maintained at 7cm, and the background pressure
was kept below 2 x 10™* Pa. The RF power was set to 130 W
(6.41 W cm™?), and the substrates were not heated. The deposi-
tion time was fixed at 30 min. Sputtering was performed using Ar
and O, gases, and their flow rates were controlled using a mass
flow controller. The total pressure was maintained at 0.25 Pa near
the target and 0.21 Pa near the substrate. The total flow rate of Ar
and O, was fixed at 10 sccm and the ratio of O, flow rate to total
flow rate (O,/(O, + Ar)) was varied at 0, 10, 33, 66, and 100%.
Hereafter, the ratio of the O, flow rate to the total flow rate will
be referred to as the oxygen flow ratio. Following NiO:Li film
deposition, annealing was performed at 600°C for 1h in an
O, atmosphere with a pressure of 0.21 Pa near the substrates.
The thicknesses of the NiO:Li films were estimated through spec-
troscopic ellipsometry using J. A. Woollam XLS-100. Additionally,
the composition ratio of Ni and O was measured by X-ray fluo-
rescence (XRF) analysis using SHIMADZU EDX-8000, on NiO:Li
films deposited on p-type Si(100) wafers. Furthermore, the crystal
structure was assessed using X-ray diffraction (XRD) equipment
(Philips (PANalytical) X'Pert Pro MRD) equipped with Cu Ko
radiation. The structures and compositions of the films were ana-
lyzed using scanning transmission electron microscopy (STEM)
and energy-dispersive X-ray spectroscopy (EDS) (JEM-2100F)
analyses. Meanwhile, optical properties were assessed through
UV-vis spectroscopy using the SHIMADZU SolidSpec-3700
instrument. Furthermore, ionization energy measurements were
conducted through photoelectron yield spectroscopy (PYS)
analysis using BUNKOUKEIKI BIP-KV100. Finally, the electrical
resistivity, Hall mobility, and carrier density were measured
through the van der Pauw method for Hall effect measurements
using the TOYO corporation ResiTest8400 apparatus.

3. Results and Discussion

3.1. Film Thickness and Compositional Analysis

Figure 2a illustrates the variation in deposition rate with oxygen
flow ratio, as estimated by spectroscopic ellipsometry. Notably,
the deposition rate decreases with increasing oxygen flow ratio,
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Figure 2. a) Variation in deposition rate with oxygen flow ratio, as estimated by spectroscopic ellipsometry. b) Film thicknesses measured 30 min after

deposition and following O, annealing.
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likely because oxygen has a lower sputtering rate compared to
Ar.*®) Furthermore, it has been reported that an increase in oxy-
gen gas reduces O in the plasma and increases excited atomic
oxygen (O*), promoting plasma neutralization, which in turn
leads to a decrease in the deposition rate.[*”!

Another factor contributing to this decrease is resputter-
ing.?#2% The particles that may collide with the substrate include
positive ions, neutral particles, and negative ions. Among these,
in the sputtering of oxides, the negative oxygen ions, which are
accelerated by the self-bias and can possess energies of several
hundred eV,*% contribute the most to resputtering.*!! Figure S1
(Supporting Information) displays the target self-bias voltages
measured during sputtering. Notably, a negative voltage of 500 V
or higher is observed at all oxygen flow ratios. When O, is intro-
duced as the sputtering gas, the negative ions of oxygen, gener-
ated by trapping electrons near the target, are accelerated to the
substrate by the self-bias voltage, achieving energies of 500 eV.
As a result, similar to the momentum exchange in typical sput-
tering caused by Ar" ion collisions with the target, these accel-
erated O~ ions sputter the deposited material on the substrate.*?

As illustrated in Figure S2 (Supporting Information), the film
surface sustains sputtering damage at an oxygen flow ratio of
33%. In our sputtering system, the substrate was placed on a
holder grounded to the same potential as the chamber, with
no bias applied. However, it is known that self-bias is similarly
formed on the insulating substrate, though its magnitude is sig-
nificantly smaller compared to the self-bias on the target.**
Compared to results from conventional RF sputtering of other
oxides, the deposition rate reduction observed in this study is
larger, 1?6?7343 suggesting that the PGS method may be more
susceptible to the effects of self-bias. This is likely because the
pressure near the substrate decreases in PGS, allowing O™ ions
accelerated by the self-bias to collide with the substrate without
significant attenuation by the sputtering gas. However, since sub-
strate bias was not measured in this study, it is not feasible to
quantify the extent of resputtering, making it difficult to conclude
that resputtering is the primary cause of the observed changes in
the deposition rate.

In this study, the low sputtering yield of oxygen,**! plasma
neutralization,””) and resputtering were considered as the poten-
tial factors contributing to the reduction in deposition rate with
oxygen flow ratio. However, based on the current experimental
results, it is not straightforward to determine the dominant fac-
tor, leaving it as a topic for future research.

Figure 2b presents film thicknesses before and after O,
annealing, depicting almost negligible changes between the two.

Figure 3 shows the composition ratio of O to Ni (O/Ni) mea-
sured by XRF. The relative values are shown with respect to the
as-deposited film formed at 0% oxygen flow ratio. The O/Ni ratio
increases with increasing oxygen flow ratio. As will be discussed
later, the as-deposited film deposited at 0% oxygen flow ratio is
already oxygen rich as shown in Table 2, indicating that all the
films deposited in this study are oxygen rich and deviate from
stoichiometry. Additionally, for films deposited at an oxygen flow
ratio of 10% or higher, the O/Ni ratio decreases after O, anneal-
ing, whereas for the film deposited at 0% oxygen flow ratio, the
O/Ni ratio increases. This suggests that when no oxygen is intro-
duced during sputtering, oxygen is absorbed from the surface
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Figure 3. Variation of the O/Ni composition ratio with oxygen flow ratio.
The relative values are shown with respect to the as-deposited film formed
at 0% oxygen flow ratio.

during the O,-annealing process. On the other hand, when
oxygen is introduced as a sputtering gas at 10% or higher, more
oxygen desorbs from the surface than is absorbed.

3.2. Structural Characterization

Figure 4 displays the XRD results of the as-deposited films, while
Table 1 lists the parameters of crystal structure derived from the
XRD analysis. Notably, the lattice constant (@) was computed
using the following equations.

2dsing = A 1)
1 h+E+P
- a? ?

In Equation (1), d denotes the lattice spacing, 0 represents the
Bragg angle, and 2 indicates the X-ray wavelength (0.1542 nm).
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Figure 4. XRD patterns of the as-deposited NiO:Li thin films.
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Table 1. 20, FWHM, lattice constant (a), and strain (¢) of NiO:Li thin films
using the preferential orientation (111) observed at oxygen flow ratios of
0% and 10%.

Condition O,/(O,+Ar) 207 FWHM[] Lattice . Strain ¢
[%6] constant a [A] [%]

As-deposited 0 36.97 0.467 4211 0.818
10 36.80 0.570 4.230 1.26

O, annealed 0 37.25 0.484 4.181 0.0915
10 3717 0.530 4.189 0.289

Meanwhile, in Equation (2), h, k, and I denote Miller indices.
Notably, the strain (e) is expressed as follows.!'!

a—ag
= ®)

In Equation (3) and a(0) has a value of 0.41771 nm (JCPDS
#00-047-1049), corresponding to stoichiometric NiO.

As depicted in Figure 4, peaks corresponding to the (111),
(200), and (222) planes are observed in the spectrum of the sam-
ple deposited under an oxygen flow ratio of 0%. In contrast, only
peaks corresponding to the (111) and (222) planes are apparent
in the spectrum of the sample deposited under an oxygen flow
ratio of 10%. No peaks other than those attributed to NiO are
observed at oxygen flow ratios of 0% and 10%, confirming the
presence of a rock-salt crystal structure with a preferential (111)
orientation. At oxygen flow ratios exceeding 33%, no peaks
attributed to NiO are observed, indicating the formation of
an amorphous phase.

The disappearance of the (200) peak in response to an increase
in the oxygen flow ratio from 0 to 10% is attributed to the fact that
the (111) plane is the densest oxygen plane. In addition to the
oxygen from the target, oxygen from the sputtering gas is also
supplied to the substrate, creating a more oxygen-aligned orien-
tation. Table 1 details the full width at half maximum (FWHM),
lattice constant (), and strain (¢) values computed from the pref-
erential orientation (111) observed at oxygen flow ratios of 0%
and 10%. As indicated in Table 1, the FWHM increases with
increasing the oxygen flow ratio, indicating a decrease in crystal-
linity. The lattice constant (@) of NiO:Li exceeds that of stoichio-
metric NiO owing to the larger ionic radius of Li* (0.76 A)
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compared to that of Ni*" (0.69 A),”" as well as the presence
of interstitial oxygen. Furthermore, the lattice constant (4) and
strain (g) increase as the oxygen flow ratio increases from 0 to
10%, possibly owing to the increase in the amount of interstitial
oxygen resulting from the increased oxygen concentration, as
shown in Figure 3.

The XRD results of the O,-annealed samples are depicted in
Figure S3 (Supporting Information). After O, annealing, the
peak corresponding to the (111) plane shifts to a higher angle
at both oxygen flow ratios of 0% and 10%. Additionally, the lattice
constant (a) and strain (¢) decrease, as indicated in Table 1, sug-
gesting that the expansion owing to interstitial oxygen has
relaxed by enhanced atomic diffusion resulting from thermal
energy provision.

The STEM images displayed in Figure S4 (Supporting
Information) indicate that the NiO:Li thin films feature columnar
structures with triangular surface roughness profiles. Figure 5
presents a magnified view of these images. Evidently, in the
as-deposited film, voids are present at the grain boundaries
between columnar grains, as indicated by the red arrows in
Figure 5a. However, after O, annealing, these voids disappear,
and the grains form a compact structure (Figure 5b). This change
results from lateral grain growth owing to accelerated internal
diffusion during annealing at 600 °C. Table 2 lists the averaged
values of the EDS elemental mappings displayed in Figure 5.
Note that Li, being a light element, could not be detected by
EDS. Despite being deposited at 0% oxygen flow ratio, the as-
deposited films are rich in oxygen. This is because the mean free

Table 2. Averaged values of the EDS elemental mappings for NiO:Li films
sputtered at 0% oxygen flow ratio depicted in the field of view shown in
Figure 5.

Element Atomic [%]

As-deposited O, annealed
Si 0.1 0.1
C 1.1 1.8
O 59.1 59.7
Ni 39.6 383
O/Ni 1.49 1.56

20 nn

Figure 5. Cross-sectional STEM images of NiO:Li films sputtered at 0% oxygen flow ratio: a) as-deposited and b) O-annealed films.
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path of oxygen at 0.21 Pa near the substrate is 48.2 cm, signifi-
cantly longer than the substrate—target distance of 7cm.
Meanwhile, the corresponding mean free path of Ni is 5.00 cm,
shorter than the substrate-target distance. Additionally, the oxy-
gen content in the NiO:Li film sputtered at 0% oxygen flow ratio
increases after O, annealing, consistent with the results in
Figure 3, which resulted in decreased resistivity and transmit-
tance, as detailed in the following sections.

3.3. Optical Analysis

Figure 6 displays the a) transmittance, b) average visible light
(360-830 nm) transmittance, and c) bandgap versus oxygen flow
ratio. Panel (b) indicates that, despite the decrease in film thick-
ness under these conditions, the average transmittance drops sig-
nificantly to below 5% when the oxygen flow ratio exceeds 33%,
compared to when the oxygen flow ratio is below 10%. This result
is attributed to the increase in the oxygen content within the film
as shown in Figure 3. Their visible light transmittance decreases
under oxygen-rich conditions owing to the formation of Ni
vacancies, resulting in the creation of Ni** ions, known as color
centers,’® for charge conservation. Figure S5 (Supporting
Information) displays the complex refractive index obtained
through spectroscopic ellipsometry using the Tauc—Lorentz
model®”! and the Drude model.”® At oxygen flow ratios of
0% and 10%, where the XRD results confirmed crystallization,
the refractive index (n) in the visible wavelength range is ~2.4,
consistent with previously reported values.’>*% Furthermore,
for oxygen flow ratios of 33% and above, the value of the extinc-
tion coefficient (k) exceeds those at oxygen flow ratios below
10%. This increase could be attributed to free carrier absorption
caused by a high carrier density and the influence of Ni** color
centers. In particular, at oxygen flow ratios of 66% and above,
the increase in the value of the extinction coefficient (k) from
the visible to near-infrared ranges explains the increased reflec-
tance caused by plasma reflection, as illustrated in Figure S6
(Supporting Information).

As illustrated in Figure 6b, the average visible light transmit-
tance improves after O,-annealing for samples sputtered at oxy-
gen flow ratios exceeding 10%. This improvement is attributed
to the reduction in the quantities of native defects, such as inter-
stitial oxygen and Ni vacancies, which form Ni** color cen-
ters.”*!) In contrast, the average visible light transmittance
of the sample sputtered at 0% oxygen flow ratio decreases owing

Www.pss-a.com

to an increase in the oxygen content of the film, as indicated in
Figure 3 and Table 2.

Next, bandgap calculations were performed using the Tauc
plot, as depicted in Figure S7 (Supporting Information). For
the as-deposited films formed at oxygen flow ratios of 0% and
10%, a sharp increase in absorption occurs near the absorption
edge. However, for films deposited at oxygen flow ratios exceed-
ing 33%, absorption begins gradually at energies lower than the
absorption edge, indicating the occurrence of parasitic absorp-
tion owing to substantial amounts of native defects in the
bandgap and the extension of free carrier absorption close to
the band edge. The bandgap of NiO:Li films formed at an oxygen
flow ratio of 0% is ~3.5eV, which is lower than that of NiO
(3.6-4.0 eV).l”) Notably, this reduction is attributed to decreased
crystallinity resulting from Li doping, which elongates the band
tail and reduces the bandgap.[*?! After O,-annealing, the bandgap
widens at all oxygen flow ratios, likely owing to the reduction of
the band tail.

Figure 7a depicts ionization energies calculated from PYS
spectrum shown in Figure S8 (Supporting Information). Notably,
during PYS measurements, sample surfaces are irradiated with
UV radiation to generate photoelectrons. In semiconductors, by
plotting the photoelectron yield'/* against photon energy, the ion-
ization energy can be determined from the threshold, and the
valence band maximum (VBM) can be estimated.***! Previous
studies have reported ionization energies of NiO ranging
5.04-5.7 eV.*2*54 Note that these values can vary depending
on factors such as the composition ratio of NiO, crystallinity,
and surface conditions. Other reports suggest an increase in ioni-
zation energy with increasing oxygen concentration in the film.1*

As depicted in Figure 7a, the ionization energies of films
formed at oxygen flow ratios above 10% tend to exceed that
observed at an oxygen flow ratio of 0%, likely attributed to the
increase in the oxygen content of the film. After O, annealing,
the ionization energy of the film formed at an oxygen flow ratio of
0% increases, whereas those for the films formed at oxygen flow
ratios above 10% decrease. From Figure 3, it is observed that only
the film with 0% oxygen flow ratio shows an increase in oxygen
content after O, annealing. Therefore, it is anticipated that the
observed trend in ionization energy changes due to O, annealing
is attributed to the variation in oxygen content within the film.
On the other hand, changes in ionization energy cannot be fully
explained by oxygen concentration alone, necessitating further
measurements of surface states and electronic states.
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Figure 6. Variation in the a) transmittance, b) average visible light (360-830 nm) transmittance, and c) bandgap of the films with oxygen flow ratio.
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Figure 7. a) Variation in the ionization energy and b) the electron affinity with oxygen flow ratio. The ionization energy was calculated by plotting the
photoelectron yield'/? against photon energy as shown in Figure S8 (Supporting Information). The electron affinity is estimated using the following

relation: electron affinity = ionization energy (VBM) — bandgap.

Figure 7b presents the electron affinity, estimated from the ion-
ization energy and bandgap (electron affinity = ionization
energy — bandgap). Notably, apart from the as-deposited film
formed at an oxygen flow ratio of 33%, the electron affinities of
all other films range from 1.66 to 2.05 eV, closely matching the
reported values of 1.33-1.85eV.’% The as-deposited film
formed at an oxygen flow ratio of 33% exhibits a large electron
affinity of 2.51 eV, likely owing to a low estimated bandgap, result-
ing from a large amount of parasitic absorption in the visible light
range, as shown in Figure S7a (Supporting Information).

3.4. Electrical Properties

To examine the electrical properties of the films, their resistivi-
ties were measured using the van der Paw method, while their
carrier density and mobility values were evaluated through Hall
measurements. Figure 8a displays the obtained resistivity values.
Notably, the resistivity of the as-deposited films decreases by
three orders of magnitude, from 106 to 0.0232 Q cm, as the sput-
tering gas is switched from pure Ar to pure O,. This significant
decrease is attributed to the suppression of oxygen vacancies,
which act as donor defects, and an increase in the quantities
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of interstitial oxygen and numbers of Ni vacancies, acting as
acceptor defects,®''°! thereby increasing the net acceptor den-
sity. Following O, annealing, only the film formed at an oxygen
flow ratio of 0% presents a decreased resistivity, likely attributed
to an increase in the number of Ni vacancies caused by surface
oxygen absorption. Conversely, the resistivity values of films
formed at oxygen flow ratios exceeding 10% increase after O,
annealing. Concurrently, the dependence of resistivity on the
oxygen flow ratio weakens. This increase is likely attributed to
the reduction in the number of native defects, such as Ni vacan-
cies and interstitial oxygen, owing to enhanced internal diffusion
during O, annealing and the decrease in oxygen content shown
in Figure 3. This observation is consistent with the increased
transmittance depicted in Figure 6a,b.

Figure 8b presents the hall measurement results for the
O,-annealed films. Notably, NiO:Li thin films have been demon-
strated to exhibit p-type conductivity at oxygen flow ratios of up to
66% after O, annealing. Under other conditions, the carrier type is
unstable and easily varies with repeated measurements, complicat-
ing the determination of p-type conductivity. The lower limit for
mobility measurement using the Hall method is 1x 1073
cm? Vs, and the Hall mobility likely falls below this measure-
ment limit. Thus, the carrier types of O,-annealed samples
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Figure 8. a) Resistivities of the films measured using the van der Pauw method and b) their Hall measurement results after O, annealing.
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deposited at oxygen flow ratios of up to 66% can be determined
reliably. As depicted in Figure 8b, the carrier density increases to
10*2cm™? at an oxygen flow ratio of 33%, attributed to the high
densities of interstitial oxygen and Ni vacancies. Mobility values,
on the order of 107 cm?V~'s™! for all samples, significantly
decrease from 4.25 x 107> t0 1.84 x 10> cm?* V™ 's™' as the oxy-
gen flow ratio increases from 0 to 10%.

NiO:Li films produced in this study tend to exhibit a higher
acceptor density compared to those made using conventional
RF sputtering with targets containing similar or higher levels
of Li."**13U This may be due to the lower pressure near the
substrate in PGS which causes sputtered particles and O™ accel-
erated by self-bias to collide with the substrate with high energy,
potentially generating a greater number of interstitial oxygen.
Verification of this hypothesis requires a comparison of the
interstitial oxygen content between films produced by conven-
tional RF sputtering and PGS wusing techniques such as
XPps 152531

On the other hand, the resistivity of NiO:Li recently reported
in the literature is ~0.18 and 0.3Qcm**" for spin-coating
methods, 2.3 x 10> Q cm for ultrasonic pyrolysis spray method,>®!
9.9Q cm for mist chemical vapor deposition,?” and 0.089 Q cm
for pulsed laser deposition.l**) Comparing these values with the
NiO:Li thin films identified as p-type in this study, the values
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physica
status
solidi
[+))

Www.pss-a.com

obtained here are not particularly outstanding. Therefore, it cannot
be concluded that the PGS method enables the fabrication of
high-quality, low-resistivity films.

To analyze the mechanism of hole conduction, we analyzed
the temperature dependence of conductivity. The primary con-
duction mechanisms for NiO include band and hopping
conduction.*>*87%% Notably, the top of the valence band of
NiO comprises the 3d orbitals of Ni,’® and the holes produced
in NiO move through these highly localized 3d orbitals.
Consequently, these holes migrate from one site to another
via hopping, driven by thermal activation. This process is
known as small polaron hopping (SPH), and the corresponding
conductivity can be expressed as follows.[*>60-61]

L
a—Texp( kT> (4)

In Equation (4), E, denotes the activation energy for SPH,
k represents Boltzmann’s constant, and T indicates the absolute
temperature. Figure 9 illustrates the temperature dependence of
the conductivity. Notably, the conductivity values of both the
as-deposited and Oj-annealed films increase with increasing
temperature. Figure 10 presents the fitting results derived from
the SPH model. Notably, the conductivity values of the
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Figure 9. Temperature dependence of the conductivity values of the a) as-deposited and b) O,-annealed films in the range of ~#320-420 K.

(a) Temperature (K)
450 400 350 300
124
N N
7
£ 100
2 # 66
Y ° 33
=~ 6 10
e 0
=
- 44 ®
2_

2.4 26 2.8 3.0
1000/T (K1)

(b) Temperature (K)
450 400 350 300

In(To) (K.S.cm™1)

2.4 26 2.8 3.0
1000/T (K1)

Figure 10. Fitting results of the temperature dependence of the conductivity (Figure 9) for a) as-deposited and b) O,-annealed films using Equation (4).
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Figure 11. Activation energy (E,) for SPH calculated from the fitting
results of Figure 10 based on Equation (4).

as-deposited and O,-annealed films formed under varying oxy-
gen flow ratios are well fitted by the SPH model. When holes
conduct in the 2p orbitals due to band conduction, the carrier
concentration becomes independent of the temperature owing
to degeneracy at high carrier densities exceeding 10*° cm™>.
Similarly, scattering due to ionized impurities also becomes
independent of temperature./*? Additionally, the increase in con-
ductivity with temperature may be influenced by grain boundary
scattering; however, in NiO, Ni vacancies at grain boundaries are
more numerous than those in the bulk,'**®! implying the
absence of barriers at grain boundaries, unlike n-type TCOs.!*”)
Thus, the increase in conductivity with temperature shown in
Figure 9 is likely attributed to the activation of hopping conduc-
tion driven by thermal energy, which accounts for the low mobil-
ity values on the order of 107> cm? V="' s7%.

Figure 11 depicts the calculated activation energies for SPH.
Notably, the activation energy of the film formed at an oxygen
flow ratio of 0% is ~0.48 eV, which corresponds to the binding
energy of a hole at the Li site.*® Overall, the activation energy
tends to decrease with increasing the oxygen flow ratio, indicat-
ing a shift in the dominant acceptor origin to a shallower accep-
tor.*” The O,-annealing increase observed in the activation
energies of samples formed at oxygen flow ratios above 33%
is likely attributed to reduced lattice disorder resulting in sup-
pressed band broadening and weaker overlap between individual
Ni sites.[*"!

4, Conclusion

In summary, NiO:Li thin films were prepared using PGS, follow-
ing which their crystallinity, optical properties, and electrical
properties were investigated as functions of the oxygen flow ratio.
Additionally, after NiO:Li film deposition, annealing was con-
ducted at 600 °C for 1h in O, atmosphere, and its effects were
examined.

Notably, the deposition rate decreased with increasing the oxy-
gen flow ratio, and sputtering in pure oxygen resulted in ~6-fold
reduction compared to pure Ar. The composition ratio of O to Ni
increased with increasing the oxygen flow ratio. XRD results
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revealed NiO:Li thin films formed at oxygen flow ratios below
10% had a rock-salt crystal structure with a preferential (111) ori-
entation. At oxygen flow ratios exceeding 33%, no peaks attrib-
uted to NiO were observed, indicating the formation of an
amorphous phase. The average transmittance dropped signifi-
cantly when the oxygen flow ratio exceeded 33%, compared to
when the oxygen flow ratio was below 10%. In the as-deposited
state, the resistivity of the films decreased from 106 to
0.0232 Q cm when switching the sputtering gas from pure Ar
to pure O,. Following O, annealing, only the film formed at
an oxygen flow ratio of 0% presented a decreased resistivity
owing to the increase in oxygen content. Conversely, the resistiv-
ity values of films formed at oxygen flow ratios exceeding 10%
increased after O, annealing. NiO:Li films formed in this study
using PGS tended to have a higher acceptor density than those
made using conventional RF sputtering. This may be due to the
lower pressure near the substrate in PGS which causes sputtered
particles and O™ accelerated by self-bias to collide with the sub-
strate with high energy, potentially generating a greater number
of interstitial oxygen atoms. The temperature dependence of con-
ductivity revealed the mechanism of hole conduction in the range
of ~320-420 K based on the SPH model.
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