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Dielectric layers of Al,O5, MgO, AIN and TiO, were formed by using ion-plasma sputter-
ing method. Their microstructure and electrophysical properties in the range of 20 —
400°C were investigated. The conductivity mechanism, depth of traps and losses mecha-
nism were established. The ohmic contact formation was revealed in TiO,/40X13 system
through which an injection of charge carries from the alloy into the dielectric layer occurs
and its contribution to the electric equivalent circuit of substitution was assessed.
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MeTonoM HMOHHO-ILIASMEHHOrO HANBLICHHA IIOJydYeHBl aumajekrpuueckue ciaom Al,Oj,
MgO, AIN u TiO,. HcenegoBama MX MUKPOCTPYKTYpa M 3JeKTpodHU3MUecKMe CBOICTBa B
auanasone 20 — 400°C. VeTaHOBJIeHBI MEXaHU3Mbl IPOBOAUMOCTH, I'NIyOHMHA 3aJIeraHUd JOBY-
IeK M MEeXaHM3Mbl II0TePb. YCTAHOBJIEHO 06pPa30BAHME OMUUYECKOr0 KOHTAKTA B CHCTEME
TiO,/40X13, uepes KOTOPEIH IIPOMCXOAMT MHIKEKIMA HOCHTeJell sapAna U3 CILIABa B JMBJICKT-
PUYUECKUH CJIOH, 1 OLEHEHBI ero BKJAJ B DJIEKTPUYECKYIO SKBHUBAJCHTHYIO CXeMY 3aMEeIleHUs.

IlopiBHAJbHA OMIHKA CTPYKTYPH TAa BIACTHBOCTEH mapiB 3 okcuais Ta mirpugie Mg, Al,
Ti, copmoBanux ioHHO-mIaazmMoBuM Hanuiawsauaam. B.fJ.Ilidxosa, I.B.BpodHnikoscvka,
3.Adypazina, BA.Ilemposcvruil.

MerogoM i0HHO-IIA3MOBOTO HANMJIEHHA ofep:anHo miemexrpuuni mapu Al,O5, MgO, AIN
ta Ti0,. Hocmizxeno ix MiKpocTPYKTypy Ta enexkTpodisumumi BiaacTmeocTi y giamasomi 20 —
400°C. BceranoBiieHO MexaHisMu IIpoBigHOcTi, rambuHY 3ajdraHHd IIACTOK Ta MexXaHismMu
Brpar. BcraHoBieHo yrBOpeHHs oMmiuHOro KoHTarTy B cucremi TiO,/40X18, uepes axwmii
BimbyBaeTbcsa iHKeKIis HOCiiB 3apsamy 3i cmiaBy y JieqeKTPpUYHMN IIap, Ta OIiHEHO HOro

BHECOK B €JIEKTPUYHY €KBiBaJIeHTHY CXeMy 3aMillleHHd.

1. Introduction

Development of the modern instruments
determines the requirements to the con-
structive materials and functional coatings
which operate reliably in conditions of high
temperatures, corrosive environments, ero-
sive wear etc. For such coatings it is impor-
tant to increase their heat resistance and
adhesion to various substrates. They must
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be resistant to the high temperatures, ther-
mal cycling and mechanical blows. Ap-
proaches to formation of dielectric coatings
are being intensively developed by surface
engineering methods. As starting materials
usually oxides and nitrides of various ele-
ments — Al, Si, Mg, Ba, Ti, Zr or multicompo-
nent compounds based on oxides are used [1].

Requirements to protective dielectric
coatings depend on the conditions of their
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exploitation. That is why the choice of the
coating should be made depending on the
type of the environment, the state of the
surface and the nature of the substrate ma-
terial. This is particularly true for the di-
electric coatings of film resistive elements
that work at the high temperatures (200 —
350°C) for a long time. Such coatings
should not peel away from the substrate
during thermal cycling from the working to
the room temperature. During extended ex-
ploitation, their structure should not un-
dergo phase transformations which can
cause changes of the dielectric properties.
Such coatings must have an increased resis-
tance to the gaseous and liquid environ-
ments.

2. Experimental

Oxides and nitrides of Mg, Al, Ti layers
were deposited by the modes (Table) differ-
ing by the process duration (1), substrate
bias potential (E), pressure (P) and current
plasma arc (I). To ensure a better adhesion
of the coatings the substrate pre-heating
was carried out by using a heater installed
directly into the reaction chamber of the
ion-plasma system. In addition, the final
cleaning of the substrate in a stream of
argon plasma by using helicon source in the
"column"” regime was performed for 30 min.
The methodology of the layers deposition is
described in more detail in [2].

Study of the structure of the formed sur-
face layers was carried out by scanning elec-
tron microscope JSM-6490LV (JEOL,
Japan), with an analytical console for the
element analysis (INCA Energy+Oxford). In
order to assess the current losses increase
and growth of the breakdown voltage of the
dielectric layers, the electrical properties
were investigated on alternating current. To
determine the electric characteristics of the
layers, a foil contact was pressed to their
surface and then — an electrode. A steel
substrate was used as the bottom contact
(Fig. 1). Measurements of the capacitance
(C) and dielectric loss tangent (tgd) at fre-
quencies 120 Hz, 1 kHz, 10 kHz and
100 kHz were taken by bridge method with
an RLC-meter in the parallel equivalent cir-
cuit regime. Magnitude of the measurement
error was 0.05 %.

Calculations of the static dielectric per-
meability or of the real part of the complex
dielectric permeability (¢' = €) (1) were made
by the flat capacitor model (2)

e =¢ — ig”, (€Y
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Table. Regimes of ion-plasma sputtering

Layer |Substrate|t, min| P, Pa |IE, V| I, A
Al,O; | AMg2 10 1.9 -60 35
TiO, | 40X13 10 2.6 -60 30
MgO | AMg2 20 |1.9-2,6| —60 32
AIN 40X13 40 5.9 -60 40

/ foil

1 layer

foil
| electrodes

layer e A

’/,..—'

Fig. 1. Schematic representation of the elec-
trophysical measurements.

substrate

where the dielectric losses coefficient is de-

termined from the equation &” = &'tg$.
Then

€'gpS (2)
7

where § — the contact area (foil), d —
thickness of the dielectric layer.

The composite conductivity at the alter-
nating current is described by:

o(w) = 6 + 2nfe’eytgd, (3)

where o, — electric conductivity at the di-
rect current. However, at high frequencies
in the dielectric with few leading impuri-
ties, the first term can be neglected.

Thus, active conductivity or the real part
of the complex admittance (4) was deter-
mined by the formula (5):

Y=Y +iY”, (4)

Y’ = o, = 2nfe’eytgd, (5)

when its imaginary part is
Y” = 2nfe’e. (6)
For majority of dielectrics o,(w) is a
growing power function of frequency and it

is expressed by the formula:

o(w) = w”, (7)
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Fig. 2. SEM surface microstructure of the dielectric layers: a, b — Al,O5; ¢, d — TiO,; e, £ — MgO,

g, h — AIN.

where n the power index is dielectric re-
sponse of the system related to its structure
and was determined by inclination angle of
the electroconductivity frequency depend-
ence built in logarithmic coordinates.

Measurements of the dielectric charac-
teristics temperature dependences were con-
ducted in the regime of indirect heating —
cooling of the samples in a furnace with the
temperature change rate 4 + 1°C/min within
the temperature range of 20 — 400°C.

3. Results and discussion

Investigation of the formed layers sur-
face topology by the electronic microscopy
method shows a difference in their struec-
ture. In particular, the oxide aluminium
layer has a homogeneous, smooth and non-
porous structure of the surface (Fig. 2a).
There prevails anorientation of certain sur-
face structure elements in the form of elon-
gated protrusions. Their volume constitutes
about 50 % . With the higher magnification
it is seen that these elongated conglomer-
ates have the two-phase structure and con-
sist of fine-grained densely packed grains
(Fig. 2b). Taking into account that the
oxide aluminum formation occurs through
aluminum oxidation on the substrate sur-
face we can assume that incomplete oxida-
tion is possible in the process of the layer
growth. In this case, unoxidized particles
will increase the electric conductivity of the
dielectric layer.

The TiO, layer surface is homogeneous
(Fig. 2¢) without the expressed porosity or
other discontinuity of the layer. In some
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parts of the layer surface, ellipse inclusions
are present and may belong to one of the
modifications of the TiO, layer — anatase
or rutile (Fig. 2d).

The MgO layer consists of round-shape
grains with different degrees of dispersion.
The grain formation occurs on the substrate
surface with ions, atoms and droplet frac-
tions of magnesium. Therefore, the size of
the formed grains is widely fluctuated. It is
possible that the grain growing is carried
out by the "island” mechanism where the
formed grain is the basis for the formation
of new centers of crystallization and their
subsequent growth (Fig. 2e, f). Thus, the
newly grown grains are formed in the clus-
ters of different sizes. Due to their specific
structure, grains are characterized by a
large specific surface separation. Pre-
viously, it was found that MgO phase is
formed after the ion-plasma sputtering of
magnesium in oxygen atmosphere. Diffrac-
tion peaks of MgO phase show its polycrys-
talline nature. Furthermore, the presence of
the MgO phase with a deviation from
stoichiometry towards oxygen deficiency
was found [3].

The high density of the structure and
uniformity across the surface area of the
AIN layer surface was found by analyzing
its microtopology. High values of the sub-
strate bias potential and pressure during
the regime of ion-plasma sputtering contrib-
uted to increasing the aluminum ions rate,
grinding the structural constituents and quali-
tative forming of the layer structure [4].

Functional materials, 22, 1, 2015
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Fig. 3. Temperature dependences of the active complex conductivity component at frequencies of

1 kHz, 10 kHz, 100 kHz.

Electric conductivity of the Al,O3, MgO
and AIN layers at low frequencies remain
almost unchanged at the room temperature
and are approximately 8108 Q lm1,
7108 Q@ 1m ! and 3108 Q l.m !, respec-
tively. In the Al,O5 dielectric layers (at the
temperatures above 300°C) and in MgO (at
the temperatures above 150°C) monotonic
increase of the conductivity caused by ther-
mal activation of the charge carriers from
energy levels 0.63 eV and 0.35 eV, respec-
tively, begins. In the AIN dielectric layers at
temperature of 250°C the sharp increase of
conductivity by almost an order of magni-
tude is observed. Then its value returns to
the initial values. This indicates the forma-
tion of the localized trap level with the ac-
tivation energy of 0.47 eV in these layers.

Electric conductivity of TiO, decreases
from 4108 Q°lm™l to 110710 Q-1.p-1
with the temperature growth from the room
one to 250°C and increases to 1.1077 Q 1.m~1
with the temperature growth to 400°C.

The obtained results differ from the data
obtained by the authors of [5] who investi-
gated the electric properties of thin dioxide
titanium films sputtered on glass sub-
strates. They showed that in the tempera-
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Fig. 4. Frequency dependences of the complex
conductivity active component at 50°C.

ture range of 40 — 200°C the electric con-
ductivity of TiO, with the activation ener-
gies of 0.13 — 0.39 eV appears. At the same
time, on the example of the Si/TiO,/Al struc-
ture (the barrier of TiO,/Al for electrons is
1 eV), the authors of [6] established the
two-zone model of conductivity in TiO,. Ac-
cording to this model, TiO, layers, similarly
to SizN4 films, have electron and hole traps
acting as recombinant centers. The later, in
the case of positive or negative displace-
ment, inject into the valence band or con-
ductivity zone, respectively.
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Fig. 5. Frequency dependences of relative dielectric permittivity, dielectric loss tangent of the
coatings at 25°C (a) and temperature dependences of the dielectric loss coefficient at frequencies of

1 kHz (b).

Thus, the conductivity decrease in our
investigated systems “substrate-dielectric
layer” can be connected with mobility de-
crease of the carriers injected into the di-
electric layer from steel substrate. There-
fore, we can assert that on the border of the
division of TiO,/40X13 system investigated
there is accumulation of the near-surface
area of semiconductors and realization of
the ohmic contact. The conductivity in-
crease at the temperatures above 250°C is
caused by thermal activation of 0.73 eV
deep traps (the band gap of TiO, is 8.2 eV).

As it is seen from the temperature de-
pendences of electric conductivity of the di-
electric layers at alternating current
(Fig. 3) and from their frequency depend-
ence (Fig. 4), in all investigated systems the
conductivity increases linearly with the fre-
quency growing. The conductivity increase
is caused by a delay of the slow polarization
mechanisms. Moreover, the dependence dif-
fers for investigated materials: in the Al,O4
layers n = 0.2, whereas for MgO and AIN —
n=0.5. In the dioxide titanium layers n
grows to 0.9.

Dielectric losses cause dielectric heating,
which can lead to accelerated aging or to
the thermal breakdown, especially in the
cases when the dielectric losses are con-
nected with electric conductivity [7]. There-
fore, while choosing the substrate material
and dielectric layer in the process of design-
ing electrotechnical products it is necessary
to assess the type and the order of dielectric
loss values which may occur at the given
operating conditions.

In addition, such changes are sensitive
indicators of the processes, which may
occur in the dielectric structure. For all di-
electric layers in the tested frequency range
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(102 — 10° Hz) (Fig. 5a) the dielectric loss
tangent is decreased by hyperbolic low:
from 0.42 to 0.001 in the Al,O5 layers;
from 0.16 to 0.008 in TiO,; from 0.07 to
0.004 in MgO and from 0.05 to 0.01 in AIN.
The slight decrease of the dielectric con-
stant was observed: from 14 to 11.7 in the
Al,O3 layers, from 14 to 12.2 in TiO,, from
39 to 35.4 in MgO and increasing from 18.2
to 18.8 in AIN. The decrease of the dielec-
tric constant in this case is caused by elec-
tronic or ionic thermal polarization which
dielectric contribution is usually quite small
(1078 — 103) and the frequency dispersion
falls on frequency range (105-1010 Hz for
electronic and 104 — 107 Hz for ionic con-
ductivity) [8]. Decrease of the dielectric loss
tangent with frequency increasing charac-
terizes the losses caused by the electric con-
ductivity.

With the increase of the temperature in
the Al,O;, MgO and AIN layers there is a
general tendency to increase the dielectric
loss tangent (Fig. 5b) in all temperature
range of 20 — 400°C due to the electric con-
ductivity losses. In the TiO, layers to tem-
peratures 250°C decrease of the dielectric
losses is observed. This correlates with the
decrease of the electric conductivity
(Fig. 3). This type of losses means that di-
oxide titanium dielectric layers are de-
scribed by a more complex parallel-succes-
sive replacement scheme which reflects the
ohmic contact contribution, unlike the par-
allel RC-scheme fit as a model for dielectric
response description in the above cases.

4. Conclusions

It is shown that the dielectric layers
structure on the substrate surface is formed
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by ions, atoms and drop fraction of the cor-
responding cathodes.

It is established that conductivity of
Al,O3, MgO and AIN at low frequencies
hardly changes at the room temperature and
reaches nearly 3:10°8 Q l.m™1, 7.10°8 Q 1.m1
and 3108 Q l.m™l, respectively. Above
800°C in Al,O3, 150°C in MgO and 250°C in
AIN the materials electric conductivity
grows with the activations energies of
0.63 eV, 0.35 eV and 0.47 eV, respectively.
The TiO, layers electric conductivity decreases
from 4108 Q@ lm1 to 1108 Q lm1 and
increases with the activations energy of
0.73 eV at the temperature growth to
400°C. It allowed us to establish the ohmic
contact formation in the system "40X13
substrate — TiO, dielectric layer”.

In choosing the substrate material and
the dielectric layer for constructing a film
resistive element it is necessary to assess
the type and order of the dielectric losses
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values occurring in the operation condi-
tions.
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