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1. Introduction
Ceria, as material with relatively high dielectric permittivity, εr, and ability to form
films on the Si substrate, is a candidate for the gate dielectrics in the MOS devices. Doping
with suitable e.g. trivalent rare earth oxides and suitable treatment after deposition
(preparation) can improve their properties, e.g. ionic conductivity, dielectric permittivity and
mechanical hardness. In this work, the dielectric properties of CeO2 + Sm2O3 films prepared
by electron beam physical vapour deposition (EB-PVD) and some of them simultaneously
also by the Ar+ ionic beam assisted deposition (IBAD) techniques are analysed.

2. Experimental details
The films were stationary deposited by EB-PVD (+IBAD) techniques on Si (111) and
(100) substrates. Some of samples were prepared under the Ar+ ion beam (600 eV) at incidence
angle of 45o. The deposition temperatures were 200oC (with/without IBAD) and 500oC (without
IBAD). The preparation of films is described in more details in [1]. The dielectric permittivity, εr,
was measured by three independent ways: a) from the high-frequency limiting capacity, b) from
the maximum of “bulk” semicircle in the impedance spectrum and c) from C-V curves. In all
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measurements the Au-Si-film-Al configuration was used. The permittivity was calculated using
formula εr = CK/εo , where C, K and εo are corresponding capacitance, cell constant and
permittivity of free space, respectively. The deep level transient spectroscopy (DLTS) was used
to get more detailed view on the relaxation processes.

3. Results and discussion
(a) Bulk parallel capacitance, CP, was measured at room temperature and frequency of
1 MHz. The value of CP doesn’t change significantly with frequency and is independent on
the temperature. CP values can be attributed, according to simple electric equivalent circuit
model, to the high frequency limiting capacitance C1 of bulk (Fig.1).

Fig.1: Typical impedance diagram of CeO2 + 14.2 mol% Sm2O3 film obtained
at 399oC in air (Tdep = 500oC without IBAD) using equivalent electric circuit method:
(○) measured data, (full-line) fitted data and (dashed-line) deconvoluted data; inset shows
the high-frequency bulk contribution and corresponding equivalent electric circuit.
Fig.1 shows a typical impedance diagram containing the low-frequency line-part
(effect of electrodes modelled by the capacitor C3), middle-frequency semicircle (grain
boundaries modelled by the parallel combination of resistor R2 and capacitor C2) and the high
frequency semicircle (bulk, parallel combination of resistor R1 and capacitor C1).
(b) At room or slightly higher temperatures, where the impedance capacitance was
measured, the bulk semicircles have their maxima usually at frequencies 10 – 100 kHz.
Impedance capacitance Cimp was obtained from the bulk semicircle maximum (inset in Fig.1)
modelled by the parallel combination of resistor R1 and capacitor C1. In our case of slightly
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depressed semicircle, a constant phase element (ZQ = (jω)nQ, n and Q are parameters of the
model) is preferred to be used instead of a capacitor. Corresponding capacity Cimp can be
calculated from the relation Cimp = (R1-nQ)1/n [2].
(c) Accumulation capacitance Cacc was determined from C-V curves measured in air
at room temperature.
The results obtained are summarized in Tab. 1. Note, that in the case of samples
prepared under IBAD the values of Cacc and εr,acc was impossible to obtain using C-V curves
due to the high total currents.
Tab. 1. Values of relative effective dielectric permittivities εr determined from:
(a) high frequency limiting capacitance CP (εr,P), (b) capacitance of bulk semicircle maximum
in impedance diagram, Cimp (εr,imp) and (c) accumulation capacitance from C-V curves,
Cacc (εr,acc) as well as deposition conditions (composition x, deposition temperature Tdep
and Ar+ ion bombardment - IBAD) under which CeO2 + x.Sm2O3 films were prepared.
X

(mol%
Sm2O3)
0
0
0
12.8
12.7
11.9
14.2
10.9
15.9

Tdep
(oC)

IBAD
(Ar+)

CP
(pF)

εr,p

Cimp
(pF)

εr,imp

Cacc
(pF)

εr, acc

500
200
200
500
200
200
500
200
200

No
Yes
No
No
Yes
No
No
Yes
No

150
141
70
113
199
49
122
236
46

9.3
10.4
7.8
12.0
14.6
9.6
11.7
15.4
9.3

153
175
79
183
310
63
142
289
51

9.5
12.8
8.8
19
22.7
12.3
13.6
18.8
10.4

70
70
500
300
60
110

11.3
20.4
138
154
15
58

As it can be seen in Table 1, the highest dielectric permittivity was found to be for the
samples prepared under IBAD. As we have presented in our recent paper [1], the use of Ar+
ion bombardment (IBAD) results in a better developed and more dense film structure, which
is probably the main reason for the higher dielectric permittivity observed. The addition of
Sm2O3 into CeO2 also results in the slightly higher values of dielectric permittivity, but the
amount of dopant alone has much less (or no observable) influence.
Comparison of dielectric permittivities εr,P, εr,imp and εr,acc has shown, that εr,acc are
much higher than εr,P and εr,imp. The reason of this disagreement is in the different time scale
used during the measurements: εr,P was measured at f = 1 MHz , equivalent time constant τ =
1/(2πf) ≈ 10-7 s, εr,imp was usually observed at f = 10 - 100 kHz, (time constant ≈ 10-5 - 10-6 s)
and C-V curves were measured using sampling times of 10-2 – 10-4 s. As it can be seen in
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DLTS spectra (Fig.2), the accumulated charge is influenced by two main relaxation processes
with time constant 0.1 and 3 ms. It can be clearly seen that the capacity CP (measured at
1 MHz, time constant 10-7 s) is not influenced by mentioned relaxation processes and the
capacity Cimp (10 - 100 kHz, 10-5 - 10-6 s) is influenced only partly, in contrast to the capacity
Cacc (time constant 10-2 – 10-4 s).
There are two main interpretations of the origin of relaxation processes visible in
DLTS spectra: 1) Maxwell-Wagner type relaxation effect on grain boundaries, 2) Debye-type
polarization of dopant-vacancy associates. The number of associates increases with the
dopant content, but the dielectric permittivities were found (Tab.1) to be slightly lower for
our

Sm2O3

+

CeO2

samples

containing more dopant and prepared
under the same conditions (Tdep,
IBAD). So it is more probable, that
the

dielectric

permittivity

of

investigated films is influen ced by
the

charge

accumulated

at

less

conductive grain boundaries (first
interpretation). This is in agreement
Fig.2: Isothermal charge DLTS spectra of
undoped- and Sm2O3-doped CeO2 deposited at
temperatures Tdep = 200 and 500 oC
(●) CeO2/500oC, (○) CeO2/200oC,
(▲) 12.8 mol% Sm2O3+CeO2/500oC,
(∆) 11.9 mol% Sm2O3+CeO2/200oC,
() 14.2 mol% Sm2O3+CeO2/500oC,
() 15.9 mol% Sm2O3+CeO2/200oC

with our earlier electric conductivity
measurements [3], where for the
samples with the highest dielectric
permittivity also the highest bulk
electric conductivity was found to be.
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