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Abstract

Lithium-doped NiO films were deposited by radio frequency magnetron sputtering on Corning 1737 glass substrates. The Li concentrations in the
films varied from 0 to 16.29 at.%, as determined by wavelength-dispersive X-ray analysis and inductively coupled plasma mass spectrometry. The
effects of Li content on properties such as microstructure, resistivity, and electrical stability were studied. The results show that the doped Li ions
tend to occupy crystal defect sites such as vacancies or segregate on the film surface. Initially, doped Li occupied the nickel vacancies in the film,
decreasing the electrical conductivity. When the Li concentration was further increased, some Li segregated on the film surface and formed bulges
at high Li concentrations. These Li-rich oxides covering the film surface served as partitions between the film and moisture from the atmosphere.
As a result, the Li-doped NiO films show a relatively high arrestment to electrical resistance aging.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

NiO is a promising candidate for p-type semi-transparent
conducting films with band gap energy from 3.6 to 4.0eV.!
Hence NiO film is transparent in visible light. Defect in NiO film
formed Ni** ions which make the film black. The transmittance
of the as-deposited NiO film is about 40% in the visible range,
it can be as high as 80% after heat-treated at 300 °C." NiO films
have a wide range of applications, such as the anode material in
organic light emitting diodes (OLED),? electrochromic display
devices,® and gas sensors.* Although stoichiometric NiO is an
insulator with a resistivity of 10'> Q@ cm at room temperature,
its resistivity can be lowered by an increase of Ni** ions, which
results from the creation of nickel vacancies or by the incorpo-
ration of monovalent atoms such as Li in NiO crystallities.’

According to the literature, NiO films have been prepared by
sputtering,! chemical vapor deposition,® and the spray pyrolysis
process.” Among these methods, sputtering is the most widely
used. Due to the non-equilibrium nature of sputtering, the defect
concentration is higher than that for films prepared by other
methods. The resistivity of sputtered NiO film can be as low
as 1.4 x 107! Qcm.! Li doping can also be used to increase
the electrical conductivity of NiO films. Li-doped NiO films
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have been prepared using the spray pyrolysis technique® and the
combinatorial pulse laser deposition technique.® However, the
resistivity of Li-doped NiO films prepared by the above methods
is ~1 Q cm, which is almost one order of magnitude higher than
that of un-doped NiO films prepared by the sputtering process.

Hence, if Ni** ions contributed from nickel vacancies cre-
ated by the sputtering process and the incorporation of Li
atoms can coexist in the NiO films, the conductivity is expected
to increase further. Stabilizing the electrical properties!®!! is
another important issue for applications of NiO films. Therefore,
the effects of Li doping on the electrical stability of sputtered
NiO films are also investigated.

2. Experimental methods

NiO films were deposited on Corning 1737 glass substrates
by RF magnetron sputtering. The base pressure achieved was
6 x 1073 Pa. Pure oxygen was used as the working gas (99.99%)
during sputtering and the working pressure was kept at 1.33 Pa.
The target material was ceramic NiO (99.99%). The target power
was fixed at 200 W and the target area was about 26 cm”. The
concentrations of Li in the thin films were adjusted by plac-
ing 0-15 LiO disks on the target surface. The thickness and
diameter of the Li»O disks were controlled to be 0.2 and 1 cm,
respectively. A rotating substrate holder was used to obtain a
uniform composition of films.
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A conventional stylus surface-roughness detector (Alpha-
step 200) was used to measure the film thickness. The thickness
of the sputtered films was kept around 200 nm. The film com-
position was determined by a High Resolution Hyper Probe
(JXA-8500F Fe-EPMA) equipped with a wavelength-dispersive
X-ray spectrometer (WDS), an inductively coupled plasma mass
spectrometer (Hewlett Packard 4500 ICP-MS), and an Auger
electron nanoscope (ULVAC-PHI, PHI 700). The composition
profiles were analyzed by a Secondary Ion Mass Spectrometer
(Cameca IMS-4f SIMS) using a Cs'* primary ion beam. For the
SIMS measurement, a square area of 100 pum2 was selected for
analysis. The resistivity was measured by a four-probe system
(Napson, RT-7). A field-emission scanning electron microscope
(JSM-6700F) was used to examine the film microstructure.
X-ray diffractometry measurements for film crystallography
were carried out using a thin film diffractometer (Rigaku
D/MAX2500) with monochromatic Cu Ka radiation.

In the electrical stability test, NiO film with a constant rect-
angular area of 1.5 cm? (1.0cm x 1.5cm) and a thickness of
200 nm was selected for a two-probe (probe distance of 0.5 cm)
resistance test. The test was performed under humid Ar atmo-
sphere at 20% RH (relative humidity at 25 °C) and the resistivity
was recorded at every 10 min interval. As the two-probe mea-
surements may be dominated by electrode contact effects, the
film area, film thickness, test temperature, atmosphere and
pressure were carefully controlled during the two-probe resis-
tance test. In order to eliminate the electrode contact effects,
the electrical stability of NiO films was determined by the
change of resistance over time rather than the absolute value
of resistance. It is believed that the electrode contact may have
some effects on the resistance. However, the electrode con-
tact resistance should not vary with time and the change of
resistance should be a result of resistance change in the film
itself. More details about stability test can be found in the
literatures. '0!1

3. Results and discussion

3.1. Composition of sputtered thin films

The properties of non-stoichiometric oxide semiconductors
strongly depend on trace amounts of impurities and the atmo-
sphere. Reaction parameters such as the substrate temperature,
atmosphere, and fabrication techniques have a considerable
effect on electrical properties. We thus fixed all other param-
eters and focused on studying the effect of dopant concentration
on the electrical properties of NiO films.

The compositions of the doped NiO films were determined by
WDS and ICP-MS. The O/Ni atomic ratios were obtained from
WDS and the Li/Ni atomic ratios were measured by ICP-MS.
Table 1 shows the Li—Ni—O ratios of the as-deposited films. The
calculated Li atomic percentages and (Ni + Li/O) ratios are also
listed in Table 1. Li concentration in the films increased with
increasing number of Li;O disks mounted on the NiO target
surface. The maximum Li concentration obtained in this study
was 16.29 at.%. The (Ni + Li/O) ratio increased and approached

Table 1
Li-Ni—O ratios of the sputtered NiO films.

Number of Li,O O Ni Li (Ni+Li/O)  Calculated Li (at.%)
()0 129 1 - 0.775 -

(b) 1 128 1 0.02  0.797 0.87

(©3 126 1 0.05 0.833 2.16

(d)7 141 1 0.14  0.809 5.49

(e) 11 142 1 031 0923 11.36

® 15 1.57 1 050 0.955 16.29

unity with increasing Li content which implies that the nickel
vacancies decreased as Li was doped into the films.

3.2. Effect of Li content on electrical resistivity

Fig. 1 shows film resistivity varying with Li concentration.
Two stages of resistivity change were found as Li content
increased in the NiO films. As shown in Fig. 1, the resistivity of
un-doped NiO film was 2.08 x 10! © cm. This value increased
with Li doping, reaching a maximum value of 4.53 x 107! Qcm
at a Li concentration of 2.16at.%. The resistivity slightly
decreased to 3.21 x 107! Qcm when the Li concentration
reached 16.29 at.%.

The change of Li concentration and nickel vacancies can be
readily obtained as shown in Table 1. However, it is very diffi-
cult to know the ratio of holes to total cations since the nickel
vacancy may be partially singly charged and partially doubly
charged.'!3 It is generally believed that charged nickel vacan-
cies are the predominating point defects for electrical properties.
The defect equilibria involving singly and doubly charged nickel
vacancies are given by the following equations. If singly charged
nickel vacancies dominate; [Vni']» [Vni”'], then
p =Vl = K\ pd) ()

If doubly charged nickel vacancies dominate; [Vni”1» [Vni'],
then
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Fig. 1. Resistivity of NiO thin films with various Li concentrations.
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where p denotes the concentration of electron holes (mole frac-
tion of Ni** ions); [Vni'] and [Vni''] are the concentration of
singly charged vacancy and doubly charged vacancy, respec-
tively. po, is the oxygen pressure (atm); K; and K> are reaction
constants. It has been found in many investigations that the

value of n in pgz " ranges from 4 to 6.'%!3 This suggests that
the vacancies are partially singly and partially doubly charged.
Since the relation between nickel vacancy and hole is not clear,
the hole concentration cannot be simply obtained from the mass
and charge balance.

Although the information of ratio of holes to total cations is
not available, the relationship between composition and elec-
trical properties can be explained through the change of nickel
vacancy and Li concentration. According to Table 1, Li concen-
tration increased and nickel vacancies decreased with increasing
number of Li;O disks. As a result, the hole contribution from
nickel vacancies decreased. Conversely, the hole contribution
from the incorporation of Li increased. Therefore, the effects of
Li doping on electrical conductivity is due to a combination of
decreased vacancies and increased Li concentration. The details
of the reaction can be explained as follows.

Parravano and Boudart® assumed that the formation of a
solid solution of NiO-Li,>O at small concentrations of Li oxide
involves the filling of cationic vacancies in the lattice of NiO by
Li ions. Considering double charged Ni vacancies, the forma-
tion of native cationic vacancies can be schematically described
as Eq. (3), which is responsible for the electrical conduction of
NiO film.

10 & OF + Vi + 2 3)

There is a large difference in the composition between sput-
tered and thermo-oxidized nickel oxide. When thermo-oxidized
at 900°C in Iatm oxygen atmosphere, the y value in non-
stoichiometric Ni;_,O is only approximately 10=4.13 In this
study, the y value in Ni;_,O for the un-doped NiO film is
about 0.22, which is considerably higher than the value found in
thermo-oxidized nickel. This suggests that the as-sputtered NiO
film contains many nickel vacancies. Doping with Li during the
sputtering process makes nickel vacancies be occupied by Li,
which can be represented by Eq. (4).

Liz0 4 2V{; + 2/ < 2Lini/ + L0 @

Some electric holes are consumed at the same time to main-
tain electric neutrality. This increases the resistivity of the
Li-doped NiO film, as shown in Fig. 1. From defect Eq. (4) and
the composition change described in Section 3.2, initially the
incorporated Li ions occupy the native Ni vacancies, consuming
the electric hole concentration and lowing the non-stoichiometry
of the NiO film. Therefore, the initial increase in resistivity and
the decrease in excess oxygen content for samples (b) and (c)
resulted from Li ions filling nickel vacancies during the sputter-
ing process.

With increased Li doped into the film, some Li ions may
substitute Ni%* in the normal crystal sites and create new holes,
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Fig. 2. Electrical aging behaviour of NiO films with various Li concentrations.

(a) un-doped, (b) 0.87 at.% Li, (c) 2.16 at.% Li, (d) 5.49 at.% Li, (e) 11.36 at.%
Li, and (f) 16.29 at.% Li.

as shown in Eq. (5). This leads to a slight decrease in resistivity.

10¥ 4+ Liy0 < 20§ + 2Lini/ + 2 (5)
3.3. Effect of Li content on electrical stability

Fig. 2 shows the electrical aging behaviour of NiO films with
various Li concentrations. The aging tests were conducted in
humid Ar atmosphere at 20% RH. As shown in Fig. 2, the elec-
trical aging rate decreases as the Li concentration increases.
According to a previous study,'? this aging can be attributed
to the adsorption of moisture on the NiO surface. The adsorbed
water molecules inject electrons into the p-type NiO film, which
combine with electrical holes in the film following the reaction:
Ni** + e~ — Ni%*. This reaction in turn lowers the positive car-
rier concentration and the electrical conductivity of the film.
The adsorption reaction is sensitive to the surface structure of
the film and can be suppressed by heating the substrate.'! In this
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Fig. 3. XRD spectra of NiO thin films with various Li concentrations. (a) un-
doped, (b) 0.87 at.% Li, (c) 2.16 at.% Li, (d) 5.49 at.% Li, (e) 11.36 at.% Li, and
(f) 16.29 at.% Li. The inset shows the same XRD spectra with a broader two
theta range.
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Fig. 4. SEM images of NiO thin films with various lithium concentrations. (a) Un-doped, (b) 0.87 at.% Li, (c) 2.16 at.% Li, (d) 5.49 at.% Li, (e) 11.36 at.% Li, and

(f) 16.29 at.% Li.

study, the aging rate of Li-doped NiO film was as low as that for
un-doped NiO film prepared when the substrate was heated. In
order to understand the effect of Li content on electrical stabil-
ity, microstructural analyses, including crystallization, surface
morphology, material inhomogeneity on the film surface, and
the composition profile, were conducted.

Fig. 3 shows the XRD spectra of the NiO films with various Li
concentrations. As shown in the figure, there isa (11 1) peak in
the two theta range. An increase of Li in the NiO films widened

the (1 11) peak. This suggests that the doping process of the
investigated system brought about a progressive decrease in the
degree of crystallinity of NiO phases and led to a progressive
decrease in their grain size. The (11 1) peak shifted towards
a low angle as the Li content increased, which means that the
doping process increased the lattice constant of the NiO crystal.

For a bulk Ni-Li—O system, Dereri et al. suggested that there
is a transition stage in which the first portions of Li occupy
the interstitial sites and increase the lattice constant.” However,
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the critical Li concentration of the transition stage was found
to be ~0.2 at.%, which is much lower than our finding. Also,
the defect concentration in sputtered NiO is much higher than
that in oxidized Ni. The Li ions may more easily fill vacancy
sites than interstitial sites. The lattice expansion in this study
may be related to the vacancy sites occupied by Li ions. The
Li,Ni;_,O solid solutions form over a Li concentration range
of 0 < x £0.5.14-16 The crystal structure of these solid solutions
changes with x. Two crystal structures of these solid solutions
were found in different ranges of x. For x < 0.3, lithium cations
substitute randomly for nickel cations in the NiO lattice (NaCl-
type structure). For x> 0.3, ordering of the Li and Ni ions starts
in alternating cubic (1 1 1) planes culminating at x=0.5 in lay-
ered LiNiO, (a-NaFeO; structure). The ordered solid solution
is also characterized as Lij_yNij4,02 or LizNiz_2,05. Chiu'*
reported a shift of XRD peak towards low angle as the crystal-
lographic structure changed from Li,Nij_,O to Li;_yNij4,0;.
In this study, the x value ranges from 0 to 0.33. It implies that
the shifts in XRD may also be caused by the change in struc-
tural symmetry. Therefore, the shifts in XRD peak observed in
this study may have been resulted from the combined effect of
vacancy sites occupied by Li ions and a change of structural
symmetry as Li content increases.

Fig. 4 shows the SEM images of the sputtered films. The
surfaces of the sputtered films for Li content below 2.16 at.%
are almost the same. The surfaces are smooth and compact.
However, some bulges formed on films for Li concentrations
above 5.49 at.%. The coverage areas of the bulges increased with
increasing Li content, creating more surface area for moisture
contact. Semi-quantitative analyses of the bulges were con-
ducted using an Auger electron nanoscope. Fig. 5 shows the
Auger spectra of sample (e) on the bulge area and flat surface.
The results show that the bulges contain a higher Li concentra-
tion than that of the flat surface, which implies that the bulges
were formed by segregated Li. A 100 nm thick film prepared
under the same conditions as those of sample (e) was investi-
gated by SIMS, as shown in Fig. 6. The SIMS depth profile
shows a sharp rise in Li concentration near the surface. Com-
paring the Auger and SIMS data, it can be found that doped Li
segregated near the surface to yield bulges on the film. A similar
Li-O layer on the film surface of sputtered lithium nickel oxide
was found by Chiu.'* The Li-O layer possibly formed due to the
large negative standard heat of formation of the lithium-based
oxides. Li elements that segregated on the grain boundary were
also found in Li-doped ZnO films with increased Li content.!’
These results imply that doped Li ions prefer to aggregate in
crystal defect sites such as vacancies, grain boundaries, and sur-
faces, possibly decreasing the crystal distortion and total free
energy of the film.

The above results indicate that the surface morphology, crys-
tallization, and composition uniformity changes are all related to
Lidoping. The effects of surface morphology and crystallization
on suppressing the aging rate are relatively small and may be
neglected due to the increase of surface area and the decrease of
grain size, which always enhance for reaction rate. The decrease
in aging rate with increasing Li concentration may be due to the
Li-rich oxides segregated near the film surface. As mentioned
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Fig. 5. Auger spectra of Li-doped NiO film (a) in bulge area and (b) in flat plane.

above, the electrical aging behaviour results from the reaction
between moisture and the holes in Ni**. The Li-rich oxide on
the film surface could serve as a dense protective barrier layer
between NiO film and water moisture. This decreases electrical
aging and leads to a relatively stable conductivity.
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Fig. 6. SIMS depth profile of Li-doped NiO film.
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4. Conclusions

Pure NiO and Li-doped NiO films were deposited on Corn-
ing 1737 substrates by RF reactive magnetron sputtering using
LiO pieces as the doping source. Film composition, resistiv-
ity, electrical stability, and microstructure were examined. The
results can be summarized as follows.

Increasing the number of Li> O disks was found to effectively
increase the Li content in the NiO films. The O/Ni ratio and the
electrical conductivity slightly decreased with a small amount of
Liin the NiO films because the first portions of Li filled the nickel
vacancies. With increasing Li dopant concentration, some Li-
rich oxides segregated near the film surface and formed bulges.
Li doping did not significantly decrease the electrical resistivity,
but it effectively suppressed electrical aging by forming a dense
Li-rich oxide near the film surface. Thus, the electrical stability
of NiO films can be improved by Li doping.
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