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The article presents a new facial synthesis of Li-doped NiO ﬁlms (NiO:Li) via an easy and cost-eﬀective method
Successive Ionic Layer Adsorption and Reaction (SILAR) with the processing of the obtained NiO ﬁlms in a
lithium-containing aqueous solution for their transformation after annealing into NiO:Li layers. Comparative
analysis of crystal structure, optical, electrical and thermoelectric properties of the obtained NiO and NiO:Li 4201050 nm thick ﬁlms have reveiled a cubic rock-salt NiO structure, at that, NiO:Li samples are nanocrystalline
single phased Li-NiO solid solutions. The fabricated NiO and NiO:Li ﬁlms are p-type semiconductors with activation energy Ea = 0.1 eV and Ea = 0.25‒0.31 eV, respectively. The obtained in-plane Seebeck coeﬃcients Z
are in the range 0.20–0.33 mV/К. Notwithstanding the fact that the maximum values of the thermoelectric
power factors P = 2.2 μW/K2·m, are rather small, they were achieved if the hot end of the NiO:Li ﬁlm was heated
only to 115 °C. Thus, the produced in this work new low cost thermoelectric thin ﬁlm material is suitable for a
production of electrical energy for low-power devices due to absorption of low-potential heat.

1. Introduction
Thermoelectric technology which provides direct conversion of heat
into electricity has made enormous progress as a viable alternative for
certain power generating applications due to the urgency of our energy
and environmental issues [1–7]. Especially great eﬀorts of advanced
nanoscience and nanotechnology are aimed at creating of microscale,
wearable and implantable thermoelectric generators (TEGs) used to
produce electrical power for devices, such as wireless sensors, requiring
micro-Watts to milli-Watts of power per device [1–7]. These TEGs
collect low thermal energy from sun light, waste heat sources or from
human bodies, which have temperature diﬀerences or spatial dimensions that are too small for conventional thermodynamic heat engines
to eﬀectively utilize heat energy. Substantial numbers of modern researches focus on the creation of new thin-ﬁlm non-poisonous, earthabundant, low cost and stable thermoelectric materials that can eﬀectively utilize low temperature heat [3–7]. Among them wide bandgap
inorganic semiconductor nickel oxide (NiO) is available, stable, inexpensive material with excellent structural, optical, magnetic and
electrical properties, which can be manufactured using various
methods. Therefore, NiO thin ﬁlms are of great interest in a wide range
⁎

of applications like electrochromic devices, smart windows, gas sensors,
semi-transparent diodes, fuel cells and thermoelectric generators
[8–16]. The problem for the use of nickel oxide in many of the applications listed above is its rather small electrical conductivity, especially
at near room temperatures [11,13,16–24]. According to
[16,20,21,23,24], stoichiometric NiO is an insulator with a resistivity
(ρ) of 1011 Ω m at room temperature, but its ρ can be decreased by
increasing the concentration of Ni3+ ions, which results from the introduction of nickel vacancies and interstitial oxygen atoms, thus,
nickel oxide is common known as a p-type semiconductor. An additional reduction of the NiO resistance is ensured by its doping with La
[18], Na [17] and Li [11,13,16,17,19–24]. As reported in [20], the
substitution of Li+ for Ni2+ in the Li-doped NiO (NiO:Li) can increase
the concentrations and mobility of the carriers (holes) together with
decreasing thermal conductivity of the material, because Li doping can
enhance the scattering of phonons. As a result of the increase of electrical conductivity and reduction of thermal conductivity, Li doping can
enhance the thermoelectric ﬁgure of merit of NiO:Li material to be used
in high-performance thermoelectric devices [11,13,16,17,19–24]. Earlier studies [22,23] showed an eﬃciency of NiO:Li in thermoelectric
hydrogen sensors at the operating temperatures in the 140–180 °C
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annealed at 550 °C for 2 h in air ambient.
The morphology of the NiO and NiO:Li ﬁlms was observed by
scanning electron microscopy (SEM) in secondary electron mode. The
SEM instruments (JEOL JSM-840 and Tescan Vega 3 LMH) were operated at an accelerating voltage of 20 kV (JSM-840) and 30 kV (Vega
3) without the use of additional conductive coatings. The NiO thickness
data were obtained from SEM images of the NiO and NiO:Li ﬁlms exfoliated after annealing in air ambient.
Optical properties of the NiO and NiO:Li ﬁlms were studied in the
wavelength (λ) range 300–1100 nm, both before and after annealing
with an “SF-2000″ spectrophotometer equipped with “SFO-2000″
specular and diﬀuse reﬂection attachment. To study the optical properties, the unnecessary NiO and NiO:Li ﬁlms were removed from one
side of the glass substrate by rubbing with concentrated HCl acid.
Uncoated glass substrates were used as control samples when optical
transmission spectra TO(λ) were recorded. Optical band gaps Eg of the
NiO and NiO:Li ﬁlms were determined from their absorption coeﬃcients (α) calculated as:

range. This gives us hope for the possibility of creating microscale TEGs
with micro-Watts electrical power output at temperature diﬀerences of
several tens of Kelvins, which can operate using NiO:Li thin ﬁlms as pthermolegs at near room temperatures.
Currently, the most of the NiO:Li thermoelectric materials are
ceramics fabricated by sintering the mixed reactant powders
[17,19,20,22]. The methods available for the fabrication of NiO and
NiO:Li thin-ﬁlms suitable for the microscale thermoelectric devices
usually need special equipment and the processes are time consuming
such as pulsed laser deposition [24], electron beam evaporation of Ni
ﬁlms and their conversion into NiO thin ﬁlms by air atmosphere annealing [14], and magnetron sputtering [10,16]. Note, that the magnetron sputtered in [10] NiO thin ﬁlms demonstrate high ρ, and magnetron sputtered by authors [16] NiO:Li thin ﬁlms have unstable
electrical properties. Another approach is the deposition of Li-doped
NiO thin ﬁlms with rather high resistivity via sol–gel method
(ρ > 10;Ω m in [21]; ρ > 102 Ω m in [23]). Recently, nanocrystalline
NiO thin ﬁlms were synthesized using a low temperature solution
growth by means of Successive Ionic Layer Adsorption and Reaction
(SILAR) technique [15,25,26]. Compared to the above-mentioned
methods, SILAR is facile, low cost, aﬀordable and suitable for mass
production approach for the layer-by-layer growing of chemically
stable semiconductor NiO ﬁlms with good control over the deposition
process and ﬁlm thickness. As-prepared via SILAR NiO ﬁlms [26] (or Ni
(OH)2 ﬁlms, according to the [15,25,27]) have rather high resistivity (ρ
≈ 1–8 Ω m at 300 K [26]). For the improvement of the crystal structure
and lowering the resistivity, the as-deposited samples must be annealed
at 575 °C for 2 h [25] or at 573 K for 1 h [15] in air ambient in order to
form NiO, which was qualitatively conﬁrmed as the surface appearance
was changed from faint greenish to dark black [15]. However, as shown
in [15], nickel oxide ﬁlms after their annealing suﬀer from deep ﬁssures, which make them unsuitable for thermoelectrical energy conversion. Therefore, we were unable to ﬁnd in the literature any information about the use of SILAR for the creation of NiO ﬁlms for TEGs.
Also, it was not possible to receive data on the production of lithiumdoped nickel oxide ﬁlms by using SILAR method.
The proposed article presents a new facial synthesis of Li-doped NiO
ﬁlms via an easy and cost-eﬀective method SILAR with the processing
of the obtained ﬁlms in a lithium-containing aqueous solution for their
transformation after annealing into conductive NiO:Li layers. Here we
demonstrate also the results of the research of structure, optical, electrical and thermoelectric properties of these solution-processed Lidoped NiO ﬁlms grown by SILAR.

α = 1/ t⋅ ln(1/ TO )

(1)

where t is the ﬁlm thickness. Then, the optical bandgaps Eg of NiO and
NiO:Li were estimated by employing the Tauc model [9,23,24]:

(α⋅hν )2 = A⋅(hν − Eg ),

(2)

where A is a constant and hν denotes the photon energy. The optical
band gap of the thin ﬁlm was determined by extrapolating the linear
section of (α·hν)2 vs hν to the energy axis.
In addition, the optical band gaps of the NiO:Li translucent and
opaque ﬁlms were evaluated in accordance with [8] from the KubelkaMunk function:

F (R) =

(1 − R)2
,
2R

(3)

where R is the optical reﬂectance. As shown in [8], the plots of (F
(R)·hν)2 vs hν yield the band gap Eg values of the materials by extrapolating of their linear parts on hν.
According to [28], since the exponential dependence of absorption
coeﬃcient on incident photon energy in the Urbach region (hν < Eg) is
due to the perturbation of the parabolic density of the states at the band
edge, the Urbach energy (Eo) originates from the optical transitions
assisted by subband gap photons. In the low photon energy range it is
assumed that the spectral dependence of absorption edge follows the
empirical Urbach rule is given, in accordance with [29], by equation:

a (ν ) = αo⋅exp(hν / Eo),

2. Experimental details

(4)

where αo is a constant.
Urbach energy is often interpreted as the width of the tail of localized states in the band gap. So, according to [28,29], the structural
disorders of the NiO and NiO:Li ﬁlms were assessed by the Eo determined by ﬁtting the linear portions of ln(α) versus hν, namely, from
the slope of the linear part of the dependence ln(α) on hν near the band
gap energy value.
To analyze phase compositions, structural and substructural parameters of the NiO and NiO:Li ﬁlms we recorded X-ray diﬀraction patterns (XRD) by a DRON-4 diﬀractometer with Bragg–Brentano focusing
(theta – 2 theta). The resulting X-ray diﬀraction patterns were processed and the proﬁle parameters of the diﬀraction lines were calculated by “New-Proﬁle v.3.4 (486)” and “OriginPro v.7.5″ software. The
presence of crystalline phases was revealed by comparing the experimental diﬀraction patterns with the reference database JCPDS with the
use of PCPDFWIN v.1.30 software. The sizes of the coherent-scattering
domains (CSD) in NiO and NiO:Li ﬁlms as well as microstrains ε were
estimated by analyzing the broadening of the X-ray diﬀraction peaks by
the method of Williamson–Hall approximations [30] or, if the number
of peaks was insuﬃcient, the sizes of NiO and NiO:Li crystallites were
obtained using the X-ray diﬀraction data via Scherer's method [4,23].

In this study, NiO and NiO:Li thin ﬁlms were synthesized by means
SILAR method on glass substrates. Aqueous nickel-ammonia complex
ions ([Ni(NH3)4]2+) were chosen as the basis of a cationic precursor,
which solution contained 0.1 M NiCl2, and pH value was adjusted to
~11.5 by adding aqueous ammonia. For the synthesis of the NiO and
NiO:Li thin ﬁlms, one SILAR growth cycle included following four steps:
(1) immersing the substrate into cationic precursor solution for 30 s to
create a thin liquid ﬁlm containing [Ni(NH3)4]2+ complex cation on the
substrate; (2) immersing this substrate immediately into hot water
(90 °C) for 7 s to form a NiO layer; (3) drying the substrate by the hot air
for 20 s and (4) rinsing the substrate in a separate H2O beaker for 20 s to
remove large and loosely bound NiO particles. Thus, one SILAR cycle of
NiO deposition was completed. By repeating such deposition cycles for
60‒150 times, we obtained the NiO ﬁlm thicknesses (t) in the
420‒1050 nm range. After that, NiO samples were annealed at 550 °C
for 2 h in air ambient. For the doping of the deposited via SILAR nickel
oxide ﬁlms with lithium ions to obtain NiO:Li layers, the glass substrates immediately after their covering by NiO ﬁlms were immersed
into saturated aqueous solution of lithium hydroxide (LiOH) and held
there at room temperature for 20 min. After that, NiO:Li samples were
43
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Fig. 1. Top view SEM images (a, b) and XRD patterns (c, d) of 700 nm thick NiO ﬁlm as-prepared via SILAR (a, c) and annealed at 550 °C for 2 h in air ambient (b,d).

where δ is a correction factor based on the ratio of the distance between
probes to the substrate dimensions (in our case πδ/ln2 = 4.45).
The activation energies Ea of the NiO and NiO:Li ﬁlms were calculated from the gradients of ln ρ vs. 103/T plots based on the following
equation [14,34]:

Similar to that described in [4,23,31], it was suggested that CSDs are
equal to the average sizes of the nanocrystalline NiO or NiO:Li grains.
The crystal lattice parameters a were calculated from the positions
of the all indexed lines in the X-ray diﬀraction patterns by the
Nelson–Riley graphical extrapolation method [7,32]. The a value was
calculated precisely using the Nelson-Riley functions (NRF) obtained by
the following equation [32]:

NRF = 0.5⋅(

cos2 θ
cos2 θ
+
),
sin θ
θ

ρ = ρ0 exp(Ea/ kT ),

where ρ is the resistivity at temperature T, ρ0 is a constant, k is the
Boltzmann constant.
The carrier concentration (n) and mobility (μ) in the NiO and NiO:Li
ﬁlms were characterized by a Hall eﬀect at room temperature in accordance with [35] using a homemade Hall measurement system with a
van der Pauw conﬁguration. The comparison of the temperature-dependent resistivities of the NiO and NiO:Li ﬁlms was fulﬁlled with the
help of resistive heating of these semiconductor ﬁlms within the T range
290–390 K. A homemade thermoregulated resistive heater was situated
under the plate, on which the glass substrate with NiO or NiO:Li ﬁlm
was located. A schematic of the homemade resistance measurement
system was presented in [7]. It includes a voltmeter with high input
resistance, a variable resistor for regulating the operating mode of the
power supply of the measuring circuit, a very sensitive electrometer, a
switcher, a stabilized current source, the probe array and the thermoregulated resistive heater.
The Seebeck coeﬃcients Z were measured in accordance with
[4,17,20] as the induced thermoelectromotive forces ΔV in response to
the temperature gradients ΔT along the NiO and NiO:Li ﬁlms deposited
on the glass substrates. In order to identify the in-plane Seebeck coefﬁcients we used homemade measurement setup described in [7].
Temperature gradient was produced by means of the Peltier unit
TEC1–12730, which was connected to the independent temperature
controller, and was applied along the ﬁlm sample and measured using a
pair of chromel-alumel thermocouples. By plotting the measured thermoelectromotive force ΔV vs the applied temperature gradient ΔT, the
Z value was determined as a slope of the branch obtained at the near
room temperature range 290–390 K. Then, the thermoelectric power
factors P for the the NiO and NiO:Li ﬁlms were calculated, in

(5)

where θ is the Bragg angle derived from XRD pattern.
Then the calculated lattice parameters a for diﬀerent θ values were
plotted against Nelson-Riley function, and the extrapolation of the line
to the Y-axis gave the accurate lattice parameter of the crystal system.
Texture quality of the NiO and NiO:Li ﬁlms was estimated by the
Harris method [8]. Pole density Pi, which determines an axis of the
crystal plane that is oriented normal to the surface, was calculated
according to the equation [8]:
N

Pi = (Ii / I0i )/[1/N ∑ (Ii / I0i )],
i=1

(6)

where Ii, Ioi are integral intensity of the i-th diﬀraction peak of the ﬁlm
samples and etalon, respectively; N is the number of lines presented in
the XRD pattern. Texture axis has the index, which corresponds to the
largest value of Pi. The orientation factor f for the relevant direction was
calculated from the formula:
N

f=

1/ N ∑ (Pi − 1)2 .
i=1

(7)

The conductivity type of the NiO and NiO:Li ﬁlms was determined
using the standard hot-probe method [33]. The resistivities ρ of the NiO
and NiO:Li ﬁlms were measured in accordance with [7] by using a fourpoint collinear probe resistivity method. The resistivity was calculated
by the following equation:

ρ = (πtδU23)/(I14⋅ ln 2),

(9)

(8)
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Fig. 2. XRD patterns of the prepared via SILAR 1050 nm thick NiO ﬁlm after its annealing and of the NiO:Li ﬁlms of diﬀerent thicknesses after their processing in
LiOH solution and annealing (t values equal 420 nm, 700 nm, 910 nm and 1050 nm) (a). Top view SEM images of 420 ]nm thick NiO (b) and NiO:Li (c) ﬁlms.

in Fig. 3. In accordance with [36], the annealing of NiO ﬁlms in air
possesses the tendency to form the metal-deﬁcient NiO ﬁlms with high
concentration of nickel vacancies (VNi) due to the low formation energy
of VNi. Upon formation of the Ni vacancy, two holes are released that
transform two nearby Ni2+ into Ni3+, and thus, lead to a local distortion of the lattice. As conﬁrmation, the microstresses (ε = Δd/d, where
d is the crystal interplanar spacing according to JCPDS, and Δd is the
diﬀerence between the experimental and reference interplanar spacings) in the obtained in our work NiO ﬁlms after their annealing in air
are quite large, namely 1.1·10−2 and 6·10−3 a. u., for 700 nm and
1050 nm thick NiO ﬁlms, correspondingly (Table 1).
As can be seen in Figs. 1(d) and 2(a), the intensity of the NiO XRDpeaks increased regularly with NiO thickness. However, calculations of
the NiO grain sizes using Scherer's formula have shown that the average
grain size is slightly increased with NiO thickness, remaining within
10–18 nm (Table 1). Such grain sizes for the annealed NiO ﬁlms obtained via SILAR method coincide with data [25] about the average
grain size of NiO ~13 nm after annealing in air at 575 °C for 2 h. It can

accordance with [17,19], as P = Z2/ρ.
3. Results and discussions
Fig. 1 presents structure of the as-deposited via SILAR NiO ﬁlm (a,c)
and this ﬁlm after annealing in air (b,d). As seen, NiO ﬁlm immediately
after deposition is smooth and amorphous, but its annealing in air
promotes recrystallization, which, however, is accompanied by the
appearance of deep cracks throughout the NiO ﬁlm thickness. As can be
seen from the comparison of structure of the annealed nickel oxide ﬁlms
with diﬀerent thicknesses in Figs. 1(b,d) and 2(a,b), the observed XRDpeaks correspond to the (111), (200) and (220) planes of the cubic rocksalt NiO structure with a space group of fm3m (JCPDS # 47-1049). The
SEM images in Fig. 1(b) and (b) demonstrate cracks, which abundance
increases with NiO thickness. The crystallization of the SILAR-produced
nickel oxide ﬁlms after annealing in air with their cracking was noted
early by [15], and this was qualitatively conﬁrmed additionally in [15]
by the surface appearance changing, that we also observe in the photos
45
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Fig. 3. Optical properties of the prepared via SILAR NiO ﬁlms after their annealing and of the NiO:Li ﬁlms after their processing in LiOH solution and annealing: (a,
b) – transmittance spectra; (c, d) – graphs for the determination Eg according to Eq. (2); (e) – graphs for the determination Eg according to Eq. (3). The photos of
changes in the appearance of the 700 nm thick NiO ﬁlm after its annealing and of the 700 nm thick NiO:Li ﬁlm after its processing in LiOH solution and following
annealing.

dimensions are 11–15 nm, and quite large microstrains in the lithiumdoped nickel oxide ﬁlms. Such microstrains connected with the doping
of nickel oxide with lithium, which results in acute lattice distortion,
were observed in [17]. As shown by calculations, the most thick NiO:Li
ﬁlm (t = 1050 nm) is very slightly preferentially oriented along <
111 > direction, its orientation factor for (111) plane is f = 0.6. According to the calculations by the Nelson–Riley graphical extrapolation
method [7,32], the NiO:Li ﬁlms are characterized by minor decrease in
the lattice parameters a of the cubic phase of NiO, the obtained for the
1050 nm thick NiO:Li ﬁlm a = 4.177 Å. In accordance with [20], such
reduction of the lattice constant corresponds to ~1 at% Li. As noted in
[17,20,24], the shifting of diﬀractions is related with the substitution of
Li+ for Ni2+, as Li+ and Ni2+ have the same coordination numbers and
the ionic radii are 0.69 and 0.76 Å, respectively. According to [17,20],
as radius of Li+ ion is 5% smaller than that of Ni2+, the substitution of
Li+ for Ni2+ will cause a reduction of the lattice constant. As it seen in
Fig. 2(a), all XRD peaks of NiO:Li ﬁlms are shifted a little, so, Li+ replaces Ni2+ on all lattice planes randomly and there is no anisotropy, in
other words, lithium ions distribute uniformly in the lattice of NiO. As
indicated in [17], the uniform distribution of Li+ results in the isotropy

Table 1
Structural parameters of NiO and NiO:Li ﬁlms of diﬀerent thicknesses t.
Sample

Thickness t, nm

Grain size (CSD), nm

Microstrains Δd/d, 10–3 a. u.

NiO
NiO:Li
NiO
NiO:Li
NiO
NiO:Li

700

10
11–15
16
11–13
18
11–15

11.0
8.2–9.7
7.0
7.9–12.0
6.0
1.1–3.5

910
1050

be seen from Fig. 2(a) that all diﬀraction peaks of the NiO:Li ﬁlms
belong to NiO, but the interplanar distances corresponding to these
peaks are slightly shifted to lesser d values. The XRD spectra of the
NiO:Li ﬁlms of diﬀerent thickness show (Fig. 2(a)) a decrease in the
intensity of the XRD peaks due to a diminution in the degree of crystallinity of NiO phase without the appearance of any impurity phases.
All the above leads to the conclusion, that these NiO:Li samples are
single phased Li-NiO solid solutions. Table 1 presents data, which demonstrate a slight decrease in the sizes of nanograins, which
46
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that is conﬁrmed by other authors [16,24,36,37]. The rather low
electrical conductivity of pure NiO ﬁlms is associated [13,37] with
comparatively large ionization energy of the Ni vacancy.
It is shown in Fig. 4(a), that treatment in LiOH solution before annealing of NiO ﬁlms with their transformation into NiO:Li signiﬁcantly
reduces ρ values, because, in accordance with [20], the substitution of
Li+ for Ni2+ increase the concentration and mobility of the carriers.
According to our measurements of the Hall eﬀect, the obtained
1050 nm thick NiO ﬁlm has n ≈ 1.1 × 1013cm−3, μ ≈ 7 cm2/V s, and
NiO:Li ﬁlm of the same thickness is characterized by the values n ≈ 1.2
× 1016 cm−3, μ ≈ 10 cm2/V s. Since the process of Li-doping is realized
through the surface of the nickel oxide, the smallest eﬀect of lithium
doping is observed in Fig. 4(a) for the most thick NiO:Li ﬁlm (t =
1050 nm). All NiO and NiO:Li ﬁlms show semiconducting behavior. So,
as it explained in [13,20,24], when Li+ ions are introduced in the
nickel oxide ﬁlm as dopant, Li+ goes into the substitutional sites of
Ni2+ and traps electron and generates excess of uncompensated holes
due to shallow LiNi defects.
As calculations of the activation energy on the base of data presented in Fig. 4(b) have shown, all solution-processed Li-doped NiO
ﬁlms grown by SILAR have similar Ea values 0.25‒0.31 eV. Although
activation energy of our undoped NiO ﬁlm equals only 0.1 eV, this ﬁlm
is less conductive, apparently due to lower carrier concentration in NiO
in comparison with NiO: Li. According to [24,37,38], VNi and LiNi defects have close values of their formation enthalpies, so, the carriers in
both, the doped and the undoped ﬁlms are the same localized holes
present at the Ni3+ centers, and the activation energy in conductivity
measurements is associated with the thermally activated mobility.
Fig. 5(a) shows variation of the thermoelectromotive forces ΔV at
near room temperatures with gradients ΔT along the NiO:Li ﬁlms of
diﬀerent thicknesses. The obtained in-plane Seebeck coeﬃcients Z are
in the range 0.20–0.33 mV/К, that is, the Z correspond to the data for
the thermoelectric Li-doped NiO ceramics [17,19,20].
As it seen in Fig. 5(a), the 700 nm thick solution-processed Li-doped
NiO ﬁlms grown by SILAR on glass substrate can generate 25 mV of
voltage, when subjected to around 75 K temperature diﬀerence through
a heating of one end to as low as 95 °C and a maintaining the other end
at room temperature (20 °C).
The dependence of thermoelectric power factors P on the temperature shown in Fig. 5(b) has a shape typical for thermoelectric
materials. Notwithstanding the fact that the characteristic for lithiumdoped NiO ceramics [17] maximum values of P = 2.2 μW/K2·m, are
rather small, they were achieved in this work when the hot end of the
NiO:Li ﬁlm was heated only to 115 °C. Thus, in this work we succeeded

of thermoelectric properties of NiO: Li, which is signiﬁcant for excellent
thermoelectric materials.
Top view SEM image of 420 nm thick NiO:Li ﬁlm in Fig. 2(c) demonstrates, that the ﬁlm uniformly covers the surface of the glass
substrate and almost does not contain cracks, that is also very important
for the use in thermoelectric devices.
According to investigation of the NiO and NiO:Li optical properties,
which results are presented in Fig. 3, the lithium doping signiﬁcantly
reduces the transparency of the ﬁlms (Fig. 3(a,b), dark ﬁlm in the
photo). The 910–1050 nm thick NiO:Li ﬁlms are black and almost
completely opaque. It can be seen from the dependences in Fig. 3(c,d),
that the decrease of Eg from 3.3 to 3.6 eV for NiO ﬁlms to 3.3–3.4 eV for
NiO:Li ones due to the lithium doping is accompanied by a broadening
of Urbach's tail, that is, by the creation of a large number of localized
states in the band gap. The results of determining the Eg using the
Kubelka-Munk function shown in Fig. 3(e) roughly correspond to the
data obtained by the Eq. (2) for 420–910 nm thick NiO:Li ﬁlms, and
give value Eg = 3.2 eV as for almost opaque NiO:Li ﬁlm with t =
1050 nm. As have shown by the calculations of the Urbach's energy, Eo
increases up to 2.1–2.2 eV due to the Li-doping and with the NiO:Li ﬁlm
thickness. Such large values of the Urbach's energy indicate disordering
in the NiO:Li structure related to additional defects caused by doping.
Studies with the use the hot-probe method showed that all obtained
NiO and NiO:Li ﬁlms have p-type of conductivity. Fig. 4(a) presents
data about resistivities of the NiO and NiO:Li ﬁlms were measured at
the temperatures T in the 290–390 K range by using the four-probe
method. Note that the resistance measuring for the NiO ﬁlms was accompanied by diﬃculties, which, probably, associated with the presence of cracks. So, Fig. 4 shows data for only one NiO ﬁlm with t =
1050 nm. Nevertheless, the obtained for the deposited via SILAR and
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diﬀerent thicknesses after their processing in LiOH solution and annealing.
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Fig. 5. Variation of the thermoelectromotive forces ΔV in response to the temperature gradients ΔT along the NiO:Li ﬁlms (a) and temperature dependences of the
thermoelectric power factors P (b) for the prepared via SILAR NiO:Li ﬁlms of diﬀerent thicknesses after their processing in LiOH solution and annealing.
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4. Conclusions
In this paper we present the results of the development the new low
temperature solution growth method for a creating thin-ﬁlm non-poisonous, earth-abundant, inexpensive and stable thermoelectric material
Li-doped NiO, which can eﬀectively utilize low temperature heat with
micro-Watts electrical power output at temperature diﬀerences of several tens of Kelvins. The facial synthesis of the NiO:Li ﬁlms is based on
the Successive Ionic Layer Adsorption and Reaction with the processing
of the obtained NiO ﬁlms in a lithium-containing aqueous solution for
their transformation after annealing into NiO:Li layers. Comparative
analysis of crystal structure, optical, electrical and thermoelectric
properties of the obtained NiO and NiO:Li 420–1050 nm thick ﬁlms
have reveiled a cubic rock-salt NiO structure with a space group of
fm3m, at that, NiO:Li samples are nanocrystalline single phased Li-NiO
solid solutions. The NiO:Li ﬁlms are homogeneous, free of cracks and
dark in appearance because of the large number of LiNi defects in the
band gap, which signiﬁcantly reduce electrical resistivity of the ﬁlms,
since Li+ ions substitute Ni2+ and generate excess of uncompensated
holes. The fabricated NiO and NiO:Li ﬁlms are p-type semiconductors
with activation energy Ea = 0.1 eV and Ea = 0.25‒0.31 eV, respectively. The obtained in-plane Seebeck coeﬃcients Z are in the range
0.20–0.33 mV/К. Notwithstanding the fact that the maximum values of
the thermoelectric power factors P = 2.2 μW/K2 m, are rather small,
they were achieved if the hot end of the NiO:Li ﬁlm was heated only to
115 °C.
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