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Electrical and mechanical properties of
nitrided sol-gel derived TiO, and SIO~TiO, films
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The results of measurements of electrical conductivity for titanium—nitride films prepared by the am-
monolysis of sol-gel derived TiGand SiG-TiO, coatings are presented. Sol-gel derived films on silicon
and quartz substrates were nitrided by ammonia treatment in the temperature range tmi?600C.

The dc conductivity of nitrided films has been measured from 10 K to 900 K. It was found that conduc-
tivity is related to the amount of TiOwhich is converted to TiN during ammonolysis. In this way it is
possible to change the electrical conductivity of samples by many orders of magnitude. The observed
activation energy of the samples containing large amounts of TiN is below 0.1 eV. This indicates that the
conductivity mechanism may be interpreted as electrons tunnelling between metallic TiN granules. The
mechanical properties were evaluated by a nanadettic technique. The results of nanoidentometric
measurements confirm an increase in microhardness and Young's modulus for nitrigefii®ms
containing large amounts of TiN.
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1. Introduction

In recent years, much attention has bedd panitride and oxgitride thin films.
Nitride and oxynitride thin films are intertgsy because of their electrical, chemical,
mechanical, and dielectric pragies. In particular, TiN is a hard coating material
with many commercial applications related to its high melting point, hardness, and
resistance to corrosion. One common methopreparation of oxynitride films is the
thermal nitridation of sol-gel derivedrhs with ammonia (ammonolysis). The coat-
ings obtained by sol-gel methods are especially suitable for amonolysis due to their
porosity. The microporous structure allowstbat significant incorporation of nitro-
gen and its distribution throughout the fifh, 2]. The incorporation of TiN in the
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layer may be explained by reactiongvieen ammonia and reduced titanium oxide
during ammonolysis. Kamiya et al. [3] progdsthat nitridation may proceed via the
following sequence of reactions:

NH; < 1/2N, + 3/2H
TiO, + (2 =X)H, — TiO, + (2 —x)H,0
aTioO, + bNHz; — cTiN + dH,O

where TiQ may be TiO, TiOs, or another reduced titanium oxide. On the basis of
these reactions, it can be stated that the reduction oftdi@iO, facilitates the ag-
glomeration of TiN on the surface.

This paper is devoted to the electriesd mechanical properties of titanium ni-
tride films prepared by the ammonolysis of sol-gel derived, Gt SiQ-TiO, coat-
ings.

2. Experimental

The starting solution for obtainingiO—~(100 —x)TiO, films (x = 20, 40, 50, 60,

80 mol%) was prepared by mixing tetitagorthoxysilicate (TEOS) and titanium
isopropoxide (TPOT) with etimal (EtOH), water, and hydchloric acid as a catalyst
in the molar ratio TEOS + TPOT;B:EtOH = 1:4:25. The lays were obtained by
dropping (using a burette) this solution arsilicon and quartz substrate. A different
preparation method was applied to obtain ;Tii@ns. The starting solution was pre-
pared by mixing titanium butoxide withhetnol (EtOH) in the molar ratio 1:5 and
acetyloacetone (AcAc) as the complexing agent. The films were deposited on a quartz
substrate by spin coating. Finally, the resultk®O—(100 —x)TiO, and TiQ gel
layers were dried and then heated at 300for 1 hour. The samples were subse-
quently nitrided by ammonia trea¢mt in the temperature range from 56@200°C.
The measured thickness of the films amounted 450 nm.

The formation of TiN microcrystals was examined by X-ray diffraction (XRD)
with a Philips X'Pert diffractometer system. XRD patterns were taken at room tem-
perature using CukKradiation.

dc conductivity measurements of samples containing large amounts of TiN metal-
lic granules were carried out using a typicaur-terminal configuration of electrodes.

For measurements of films exhibiting higtsistance, a pair of circular gold elec-
trodes (electrode distanabout 0.25 mm) was vacuum deposited. The dc conductivity
from room temperature to 900 K wagasured in nitrogen atmosphere.

The nanoindenter technique was appliethtestige mechanical properties (Nano
Instruments Inc., Knoxville, TN, U.S.A.). Ttaetails of this technique are described
elsewhere [4]. During the experimentetlpparatus continuously records the dis-
placement and applied load in an ultra-low range (< 1 mN). Hardness and Young's
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modulus at the depth of 30 nm were ctdted from the displacement dependence of
the indenter load. Typical load and deggment resolutions were 75 nN and 0.04 nm,
respectively. More than 10 indents were performed on each film and the average val-
ues of microhardness and modulus were calculated.

3. Results and discussion

It is well known that thin films of pure TiQOcrystallise in the anatase phase at
about 350°C and in the rutile phase at and above 80(05]. The XRD patterns of
a Tio, film and a nitrided Ti@film are presented in Fig. 1. The pure Tifdm was
annealed under the same thermal conditions as during ammonolysis. The XRD results
for the TiQ, film indicate that only the rutile phase is present (curve a). The XRD
peaks of the nitrided TiOfilm correspond mainly to the TiN phase, but thgNTi
phase was also observed (curve b).
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Fig. 1. XRD patterns of a pure Ti@m (curve a) and nitrided TigX¥ilm (curve b).
A pure TiG; film was annealed in the same thermal conditions as during ammonolysis

3.1. Electrical propertiesof poorly nitrided TiO, films

In Figure 2, the logarithm of the surface conductivity of the,Tiltn (annealed
under the same thermal conditions as during ammonolysis) and a poorly nitrided TiO
film versus the inverse of temperature is presented. Measurements were performed in
the temperature range of 450-900 K. The activation engyggalculated from the
Arrhenius plot,o = oexpEEL/KT), by the least squares method, was about 1.12 eV
for the pure TiQ sample and 1.14 eV for the nitrided one. The conduction band in
crystalline TiQ is composed of unoccupied titanium 3d orbitals, while the valence
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band is formed by filled oxygen 2p orbitals. It is confirmed that oxygen vacancies can
be treated as electron donors, which determine n-type conductivity. Measurements
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Fig. 2. The logarithm of surfacerductivity for a pure Ti@film (annealed
under the same thermal conditions as during ammonolysis) and a poorly nitrigddritiO
versus the inverse of temperature. Measurements were performed in nitrogen atmosphere

were performed in nitrogen atmosphere, and the large valkg safggests that bulk
oxygen vacancies lying below the conduction band (0.75 eV and 1.18 eV) are respon-
sible for dc transport [6]. A similar condindty behaviour is observed in poorly ni-
trided TiG; films, for which conductivity is evelower. This may suggest that some
oxygen vacancies disappeared during lregtment in ammonia atmosphere.

3.2. Electrical propertiesof highly nitrided TiO,and SIO~TiO,films

The results foxSiO—(100 —x)TiO, films (x = 20, 40, 50, 60, 80 mol %) and
a TiG; film containing large amounts of TiNapresented in Fig. 3. The increase in
the amount of Ti@in the films corresponds to the increased amount of TiN in the
nitrided sample. The activation energytbése films decreases from 0.1 eV (for the
film containing 20 mol % of Tig to 0.003 eV (for the film containing 80 mol %
TiO,), and the surface conductivity increases by several orders of magnitude. The
surface conductivity of these samples varies very little in the entire temperature range.
We have previously investigated AFM images of these films, which indicate that the
granules of TiN are randomly distributedtire network [7]. This structure is similar
to the discontinuous metal structures usupligpared by evaporating or sputtering
metal onto a glass surface [8-10]. A commonly accepted theoretical model for
electrical conductivity in discontinuous metructures is based on the tunnelling
process of electrons between metal granf@e$0]. Creation of charge carriers is due
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to thermal processes leading to the transff electrons from one metal granule to
neighbouring ones. The enerBy needed for the creation of two granules, one posi-
tively charged and the other negatively charged, is described by the equation

E - e’F (s,d)
Aneeyd

whered is the diameter of the granulesis the distance between two granuless

the dielectric constant of the matrix, aR¢,d) is a function depending on the distri-
bution of sizes and distances between gesiuCalculations of the activation energy
for a typical discontinuous metal structure hatiewn that this value is small, gener-
ally below 0.1 eV [9, 10]. This is consistent with the present results of dc conductivity
measurements for TiN-containing films with less than 40%, TFly. 3 and Table 1).
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Fig. 3. The surfaceonductivity ofxSiO—(100 —x)TiO, nitrided films & = 20, 40, 50, 60, 80 mol %)
and a TiQ film containing large amounts of TiN versus the inverse of temperature

Table 1. Conductivity parameters of (108)SiO—xTiO, nitrided films & = 20, 40, 50, 60, 80 mol %).
The accuracy ofanductivity measurements was about 2%

P 0300 K 0540 K
X [mol %] Activation energy [eV] [Qlcm ] [ cm ]
20 0.16+0.002 3210t 5.0x<10°%°
40 0.031+0.002 9.9x107’ 1.710°°
50 0.026+0.002 7.3x10°° 1.2<10*
60 0.016+0.002 2.95¢10°* 3.9«10™
80 0.003+0.001 2.05¢<10°° 2.1x10°°
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Fig. 4. Surface@nductivity versus the inverse of temperature for,Tilins
with high amounts of TiN metallic granules

TiO, films with high amounts of TiN metallic granules exhibit typical metallic be-
haviour; their conductivity decreases with temperature (Fig. 4).

3.3. Elastic properties of (100 —x)SiO,—xTiO, nitrided films

The nanoindenter technique was applietht@stigate the mechanical properties of
films. Figure 5 presents typical load—unlgaldts for a sample containing 80 mol % of
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Fig. 5. Indentation load—dismtement data for a nitrided Ti®0%)—SiQ (20%) film
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TiO,. The elastic moduluk of the indented film is calculated from the slope of the
unloading curve at the peak load. The hardimess defined by the relationshig =

P/A, whereP is the load and\ is the area of the indent calculated from its plastic
depth. The results of calculations for all measured samples are presented in Table 2.
The hardness and Young's moduli for these films are similar to those obtained for
TiN layers by Oliver et al. [11]. It i$ound that Young's modulus and hardness in-
crease with titania content and that thealues are higher than for silida£72 GPa,

H = 8 GPa) [4]. This result appears to tensistent with AFM observations [7],
which indicate that the surfaces of higntent titania films are almost completely
covered by TiN. Therefore, the displacemeithe indenter at a depth of 30 nm takes
place in TiN and their elastic propertieg awot very different from pure TiN layers.

Table 2. Young modulus and hardness of the (10®iO,—xTiO, nitrided films
(x= 20, 40, 50, 60, 80 mol %).

mol% TiO, 80 60 50 40 20
Hardness [GPa] 18.6+1 14+1 13.7+1 13.8+1 1541
Modulus [GPa] 240+20 180+20 180+20 180+20 140+2(

4. Conclusions

The conductivity of nitrided Tipand SiQ-TiO, films is related to the amount of
TiO, which is converted to TiN during ammonolysis. In this way, it is possible to
change the electrical conductivity of these films by several orders of magnitude. The
activation energy of nitrided samples is generally below 0.1 eV. This indicates that
the conductivity mechanism may be interpdeds the tunnelling of electrons between
metallic TiN granules. Ti@films with a high content of TiN metallic granules exhibit
decreasing conductivity with temperature, typical of metallic behaviour. The me-
chanical properties of titania—silica filnee improved after nitridation. The films
exhibit improved hardness and resistancsctatching. This indicates that TiN nano-
crystals are strongly bonded with the matrix.
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