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THE STRUCTURE, MORPHOLOGY AND ELECTRICAL PROPERTIES OF Ni;.xLixO
FILMS, PREPARED BY SOL-GEL METHOD
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Nickel oxide (NiO) and Niq.LixO thin films (thicknesses 20 — 100 nm) were prepared by sol-gel spin-
coating technique on glass substrates. The effect of annealing temperature on films structure and morphol-
ogy was studied. It was shown, that the temperature range of pore and crack free NiO films crystallization is
250 — 500 °C. The effect of Li concentration in Ni1LixO system on the films structure, morphology and elec-
trical resistance was studied. Defects-free Ni1,LixO films were formed at Li concentration up to 40 at. %.
The electrical measurements showed that the resistance of the films decreased with the increase of Li con-
centration level up to 40 at. % and the increase the film thickness from 20 nm to 100 nm. The minimum of
the electrical resistance (104 Q-cm) took place in Nig soLio.400 films with the thickness 100 nm.
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Introduction

The materials for transparent or oxide electronics and in particular the formation of hybrid technol-
ogy with the use of inorganic semiconductors based on oxide materials obtained by sol-gel technology
has seen rapid development past decades [1,2]. The main potential applications of these materials in
transparent electronics are touch screens and flexible displays, organic LEDs, thin-film photovoltaics,
various electronic and optical coatings [3-5]. Most of the all well-known and commercially used
transparent conductive oxide materials (TCO): indium oxide (In,Os), indium oxide doped with tin
(ITO), zinc oxide (ZnO) and tin oxide (SnO,) have n - type conductivity [6-8]. Nickel oxide (NiO) is
one of the most promising materials with p-type conductivity (band gap of 3.6 - 4.0 eV) [9]. In addi-
tion, compared with other oxides NiO has a high chemical and thermal stability (T e, = 1230 © C) and
relatively low crystallization temperature 200 - 250 °C [10]. It is known that at room temperature NiO
crystals are an insulator with a resistivity of the order of 10" Q-cm. Therefore, the increase of the con-
ductivity of NiO films is an important issue for improving the applicability of NiO materials. There
are several ways to change the conductivity in oxides of 3-d metals: for example, creating non-
stoichiometric oxides or "dilution" of oxides (mixing highly conducting and poorly conducting ox-
ides). However, these processes have a number of technological obstacles that will disturb on the lim-
ited use of semiconductors. A more reliable way is the way of controlled valence [11]. An example is
the system Li,O-NiO. The key factor to form substitutional solid solution is the similar atomic radii of
the cations. Most appropriate candidate for NiO doping is Li" ions with ionic radius of 0.68 A which
close to radius of Ni*" (0.79 A) [12]. A variety of methods have been used to prepare pure NiO films
and NiO doped with lithium ions, such as sputtering [13,14], thermal evaporated [15]. Sol—gel method
is one of the fast, low cost, low temperature method for prepare large-area films, and provides excel-
lent control of the composition and homogeneity [10,16,17].

The sol-gel films technology, including NiO, has a number of varieties: the use of different sources
of nickel both organic and inorganic, and using different time and temperature of heat treatment of
final products. In [18] two stage process for the sol-gel NiO films was reported: first stage - obtaining
crystalline NiO powder and second stage - dissolving it in m-cresol with stirring 11 hours. In [19] the
use of surfactants is needed to provide adhesion to the substrate of NiO film. Wen Guo et al [20] re-
ported high conductivity nickel oxide with lithium sol-gel films. In their work NiCl, was a source of
Ni ions. In this method HCI (hydrochloric acid) was formed and its releasing was during sintering at
higher temperature. The effects of Li doping concentration on the structural, electrical and optical
properties of Li:NiO films were studied. However, the authors do not study the thickness, microstruc-
ture and morphology of the films. In [21] was shown that the minimum resistance 4.7 MQ/Square was
observed for the lithium concentration about 50 at. %. Increasing the concentration of lithium leads to
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the formation of defects in the films, making them difficult to use as a hole transport layer in elec-
troluminescent light-emitting diodes and solar cells. In addition, for films obtained by spray-pyrolysis,
the high surface roughness is observed [22]. This paper is devoting to the simple sol-gel synthesis of
Niy_ 4LiyO (0<x<0.8) thin (from 20 nm to 100 nm) films. The effects of the Li concentration on the
morphology, structural, electrical and optical properties of NiO films were studied.

Experimental

Nanocrystalline NiO films and NiO doped with lithium ions films were prepared by solgel spin-
coating technology. Nickel acetate tetrahydrate Ni(Ac),x4H,0 (>99,9%, Sigma- Aldrich) and lithium
acetate dihydrate LiAcx2H,0 (299,9%) (Sigma-Aldrich) were used as a starting agents. 0.1-0.5 M
solutions of Ni2+ and Li+ in 2-ethoxyethanol with the complexing agent - monoethanolamine (MEA)
in a molar ratio of C(Me*"):C(MDA) = 1:1, where C(Me*") - total concentration of nickel and lithium
cations in solution, were separately prepared from the acetates of lithium and nickel. The starting solu-
tions of nickel and lithium acetate (Li concentration was from 0 to 80 at. %) were being stirred for 2
hours at room temperatures. Modification of nickel oxide by lithium ions was carried out by mixing of
nickel and lithium acetate solutions in different atomic ratios of Ni*":Li". The resulted solutions of
lithium and nickel acetates were deposited on a glass substrate by spin-coating at 2000 rpm. The in-
crease of the film thickness was achieved by raising the solution concentration. The increase in the
film thickness was achieved by raising the solution concentration. Finally, the films were annealed at
250 - 600 °C for 1 hour in the air. The films microstructure and the phase composition were investi-
gated by transmission electron microscopy (TEM) with EM-125 electron microscope (Selmy,
Ukraine) operating at accelerating voltage of 100 kV. The morphology and thicknesses of films were
studied by scanning electron microscopy (SEM) JSM-6390LV and atomic force microscopy (AFM)
Solver PRO. Resistance of the films was investigated by two-probe method on voltmeter-electrometer
V-7/30 using (Ga-In) electrodes.

Result and discussion

The TEM image shows that the films consist of the close-packed monodisperse nanoparticles. The
average diameter of nanoparticle ranging from 4 nm up to 12 nm depending on the annealing
temperature (Fig. 1a-c). The selected area electron diffraction (SAED) pattern (Fig. 2 a-c) confirmed a
polycrystalline nature of NiO films with cubic structures in all annealing temperature range (250 - 600
°Q).

Figure 2. SAED images of the NiO films annealed at a — 250 °C, b — 300 °C, ¢ — 600°C
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The influence of the lithium content in Ni;,Li,O films (annealed at 300 °C) on the phase composi-
tion was investigated (Fig. 3 a-c). The electron diffraction pattern of selected area (inset in Fig. 3)
showed that cubic structure of nickel oxide is retained at the lithium content up to 40 at. %. An in-
crease in the Li concentration of more than 40 at. % led to the destruction of the cubic structure and to
the amorphous phase formation.

L}
s B 25 nm
Figure 3. TEM images and SAED (insets) o he N11 XL1 O films (annealed at 300 °C ) with different Li content:

a—0 at. %, b—40 at. %, c -60 at%.

The surface morphology and roughness has a great influence on the functional properties of the
films. It is known that micron and submicron defects (cracks and pores) are strongly influence on the
optical and optoelectronic properties of the films [10]. They may be potential sites of electrical break-
down. The main reasons of cracks formation in the oxide films are mechanical stresses during anneal-
ing process. The cracks formation is due to the gas evolution in the bulk of the film during annealing
as well as due to the difference between thermal expansion coefficients of the film and substrate [22].
The gas release inside the film volume during annealing process was associated with thermal decom-
position of organic compounds. To minimize the gas processes in the film bulk, we used thin films
(20-100 nm), and heating was done at a low heating rate (3-5 °C/min) to achieve preset temperature.
The surface quality of NiO films depending on the annealing temperature was studied. Figure 4
showed the SEM images of the typical morphology of NiO films of 20 nm thicknesses annealed at 250
°C, 500 °C and 600 °C. Homogeneous (without cracks and pores) NiO films formed at the temperature
range from 250 to 500 °C. The increasing of the annealing temperature up to 600 °C led to the cracks
appearance. The pores with the average size of 2 microns are inherent for samples annealed at 600 °C,
and they occupied about 5 % of the film area.

10kV  X1,000 10pm 0001 NiO-n1 10kV  X1,000 10pm 0002 NiO-600
Figure 4. SEM images of the NiO films morphology annealed at a — 250 °C, b — 600 °C.

An effect of varying the concentration of lithium on the films morphology was studied by AFM.
Fig. 5 shows AFM images of Ni,LiO films with lithium content from 0 to 80 at. %. The increasing
of Li" ions concentration from 0 to 40 at. % did not led to substantial change in the films homogeneity,
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the roughness of these films remains in the range of 1 — 4.1 nm. However, a further increasing of the
lithium content up to 60 - 80 at. % resulted to the formation of the aggregates Ni,Li,O particles of
several tens nanometers. Films roughness increased from 1.2 nm (Li" content is 0 at. %) to 11.02 nm

(Li" content is 80 at.%). It can be assumed that this effect was due to the limited solubility of lithium
in nickel oxide [23].

Figure 5. AFM images of the Ni;_,Li,O films with different Li* content: a — 0 at. %, b — 40 at. %, ¢ -80 at. %.

Fig. 6 shows the results of the electrical resistivity measurements of the Ni;4LiyO films. Electrical
resistance of undoped NiO films lay out of the measure range of our voltmeterelectrometer (10" Q
cm) therefore it wasn't determined. The intercalation of lithium ions (40 - 80 at. %) reduced the resis-
tivity of the NiO film structures. It is due to p-type semiconductor [Li, Ni,’ Ni . ]O* formation with
lithium ions addition. As known, the resistance of the [Li, Ni,’ Ni; JO* film decrease with increase
of Ni*" ions content, and concentration of Ni*" ions depends on Li" concentration in NiO matrix. It was
found that the minimal resistance take place for Ni;(Li,O films at Li content 40 at. Apparently it is
due to isomorphic limit of Li" addition to NiO matrix.
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Figure 6. Plots of resistance of the Ni;,Li,O films with different thickness as a function of Li" content.

The increase of the film thickness from 20 to 100 nm led to the decrease of the resistivity up to near
2 orders of magnitude and was about 10* Q cm. It may by due to reduction of the relative volume of
the surface defect layer, and formation of coating with better crystalline structure.

Conclusions

NiyLiyO (0<x<0.8) nanocrystalline films with the thickness of 20-100 nm were obtained by sol-
gel and spin-coating methods on the glass substrates. Formation of Ni;LiyO crystalline phase was
observed at 250 °C. It was shown that the formation of crack and pore-free NiO films took place at a

temperature range of 250-500 °C. The roughness of the films depends on the Li concentration and
ranges from 1.2 to 11.4 nm with the increasing of Li concentration from 0 to 80 at. %. It was found
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that the minimal resistance of 10* Q-cm is observed for Ni;.,Li,O films with Li content 40 at. % and
the film thickness of 100 nm. Despite the fact that the resistance of our Ni;Li,O films was bigger that
Ni; xLixO prepared by FSP [21]; our films have lower surface roughness.
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A. C. BeskposHbin, H. B. BabaeBckas, IN. B. MateiueHko, O. M. Bosk, 0. H. CaBuH, A. K. KanycTtHuk. CTpyKTy-
pa, mopdponorusi n anekTpuyeckne ceoncTea NNeHok NiiLixO, Nony4YeHHbIX 30Mb-refib METOAOM.

Mnenkn okecnaa Hukensa (NiO) n Niq,LixO (TonwwmHor 20-100 HM) 6bInK NoNyYeHbl NO 30Mb-Teflb TEXHOMO-
MM METoAOM LIeHTPUMYrMpoBaHUs Ha CTEKNSAHHbIX NOAMNOXKaX. ViccnenosaHo BRvsiHUE TemnepaTypbl OT-
Xura nneHoK Ha ux CTPyKTypy u mopdonoruio. MNMokasaHo, Y4To TemnepaTypHbI MHTepBan hopMUMpoOBaHUA
6ecnopucTbix kpucTannuyeckmnx nneHok NiO coctaensiet 250 — 500 °C. VccnenoBaHo BNUsiHWE KOHLEHTPa-
unn nnutus B nneHkax NiiLixO Ha nx CTpykTypy, MOPGONOrnio 1 SneKTpuieckoe conpoTuUBreHne. YCTaHoB-
neHo, 4To 6e3fedekTHbIe NeHkM hopMUPYHOTCS BMOTb A0 KOHUeHTpaumn nutusi 40 aT. %. Wccnenoeanue
3NEeKTPUYECKNX CBOWCTB AaHHbIX MNIEHOK NoKasarno yBenuyeHue aneKkTponpoBOAHOCTM NIIEHOK A0 KOHLEH-
Tpaumm nutus 40 aT. % un yBenuyeHvne TonwmHbl nneHok ot 20 4o 100 HM. MuHMMansHoe anekTpoconpo-
TUBNEHne (104 Q-cm) Habnogaetcsa ans nneHok TonwwmHon 100 HM coctaia Nig solio 400.

KnroueBble crioBa: nneHky okcuaa HUKens, NMMTUin, 30Mb-renb, aneKkTpuyeckmne CBONCTBA.

O. C. beskposHui, H. B. BabaeBcbka, . B. MateinueHko, O. M. Bosk, 0. M. CagiH, O. K. KanycTtHik. CTpykTy-
pa, mopdonoria Ta enekTpuyHi BnactmeocTi NniBok NiiLixO, OTprMaHnx 30Mnb-refle METoA0M.

Mniskn okcuay Hikemo (NiO) Ta NitxLixO (ToBwmHoto 20-100 HM) OGynu oTpumaHi 3a 30Mb-renb
TEXHOMOTIEI METOAOM LEeHTpUdyryBaHHs Ha CKNgHUX nigknagkax. [ocnimkeHo BNnvB TemnepaTypu
Bignany nniBOK Ha iX CTPyKTypy i Mopdonorito. [lokasaHo, Wwo TemnepaTypHUn iHTepBan opmyBaHHS
6ecnopictux kpuctaniyHmx nnisok NiO ctaHoBuTtb 250 - 500 ° C. [locnimgkeHo BNnMB KOHUEHTpauii niTiio B
nniekax NitLixO Ha ix cTpykTypy, Mopdororito i enekTpuyHuiA onip. BctaHoBneHo, wo 6e3gedekTHi nniBkm
copmytoTbCs 40 KoHUeHTpadii niTito 40 aTt. %. [ocnimKkeHHs enekTpMyYHNX BNacTMBOCTEN AaHMX NNiBOK MO-
Ka3ano 30inbLUeHHsI enekTPoNnpPoBIAHOCTI NMIBOK A0 KOHUeHTpauii niTito 40 at. % Ta 36inbLlieHHs TOBLWHK
nnisok Big 20 4o 100 HM. MiHiManbHUI eneKkTPUYHWIA onip (104 Q - cm) cnocTepiraeTbCcsa AN NMiBoK TOBLUK-
Hoto 100 Hm CKnaay Nio.soLio.400.

KnrouoBi crnoBa: nniBkv okcuay Hikeno, MiTin, 30Mb-refb, eNeKTPUYHi BIacTUBOCTI.
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