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Abstract The Ba,Sr;_,TiO; ferroelectric ceramics with
magnesium (BSM) and neodymium (BSN) additives were
studied. Measurements were made of tunability, dielectric
losses (tan §), leakage currents, the correlations between
current-voltage /(U) and capacitance-voltage C(U) charac-
teristics. [ (U) characteristics of high quality BSM ceramics
have four regions: Ohmic, where the conductivity is linear;
the horizontal region (or negative differential resistivity); the
exponential dependence; and the vertical current enhance-
ment. These BSM samples (~20% Mg additives) were dis-
tinguished by highest breakdown strength (more than 1000
V), low tan 8 (less than 103 at 1 MHz) and high tunability
(up to 10% at Epax ~2 V/um).

Keywords Ferroelectric ceramics - BST - Magnesium
additives - Tunability - Dielectric loss factor

1 Introduction

In recent years microwave high power tunable devices based
on cylindrical or rectangular waveguide structures using lin-
ear and nonlinear ferroelectric ceramics have been developed
for various applications [1]. Tunable ceramic waveguides,
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switchers, and limiters can be employed in Dielectric Loaded
Accelerator structures, and are considered as an advanced
prospective technology to adjust the frequency of high power
high gradient dielectric accelerating structures, such as wake-
field accelerators [1, 2]. The frequency is varied in the waveg-
uide structure by placing a ferroelectric layer (¢ ~ 400-500;
thickness + ~ 200 um) between a layer of linear dielectric ce-
ramic (¢ ~ 10-100, ¢t ~ 2 mm) and the outer conducting skin
of the waveguide. Ba, Sr;_, TiO3 (BST) ceramics are the most
acceptable material for this application [3], however avail-
able BST ceramics have dielectric losses (tan § about 1072 at
10 GHz) too large to be used in MW tunable devices. Accel-
erator applications require tunabilities in the 10-20% range,
and smaller loss factors ~(3-5) - 1073 for the same frequency.
In this work we synthesized BST ferroelectric ceramics with
magnesium and with neodymium additives. We studied pat-
terned ferroelectric capacitors loaded with these materials in
the radio-frequency region. The hetero-phase samples con-
sisted of a main perovskite phase and second phase inclusions
were synthesized in order to decrease the dielectric losses
while maintaining the required level of tunability.

2 Experimental procedures

The barium strontium titanate solid solutions (Ba,Sri_y)
TiO; (x = 0.4-0.6) were synthesized from barium and stron-
tium titanates (BaTiOs, SrTiO3) [4]. The initial BST solid
solution powders and Mg or Nd compounds of the required
proportions were mixed and processed in a vibration mill for
three hours to obtain particle size ~1 wm. Neodymium oxide
was added to the ceramic compositions as a part of the linear
dielectric, the solid solution of barium tgeodymium tetrati-
tanate BaNd, Tis Oy, [5]. We have studied three sample types:
BSM 1 (BST + 15-20% Mg); BSM 2 (BST + 20-25% Mg),
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BSN 1 (BST + 15% Nd), and BSN 2 (BST +10% Nd). Sam-
ples of the required geometrical shape and size were prepared
by hydraulic pressing. A 10% solution of polyvinyl alcohol
was used as a binder. The prepared samples were sintered in
air in the temperature range of 1380-1540°C during 3 h in
a chamber electric furnace until zero water absorbance was
obtained. The sintered samples were studied on a DRON-3
diffractometer with a Cu-K,, Ni filter and a scanning electron
microscopy (SEM).

Copper electrodes were deposited on both sides of the
500 pem thick ceramic discs using magnetron sputtering. The
electrode thickness was ~3 um. The voltage dependence of
the dielectric characteristics and the leakage current were
measured at 1 MHz and voltage amplitude 0.1 V. The tem-
perature dependence of C(7') and tan § (T") were measured
in the range 77-340 K. The tunability coefficient was esti-
mated as n = C(0)/C(Unax), Where Up,x is the maximum
bias voltage applied to the electrodes. The bias electric field
did not exceed 2.4 V/um. The error of the C measurements
was less than +0.02%. The accuracy of the tan § measure-
ments was +2 - 10~*. The error limits of the basic current
measurements in Amperes & are £ == (A + 0.0051,), where
A is the electrometer resolution and I, is the electric current
in Amperes.

3 Results and discussion

Figure 1 shows typical microphotographs of the BSM and
BSN ceramics. We observe that the BSM ceramic has the
crystallites and grains of different size. Perhaps, BSM sam-
ples contain at least two phases—the basic perovskite phase
(indicated by B in Fig. 1(a)) with a little Mg substitution dop-
ing and the impurity phase (Iin Fig. 1(b)). The BSN ceramics
has a more homogeneous structure, and the grains of small
size were not found by SEM analysis (see Fig. 1(b)). Figure
1(b) has higher magnification (x6000) in comparison with
Fig. 1(a) (x3000).

Fig. 1 SEM images of BSM (a)
and BSN (b) ceramics. Figure
(a) contains the designations
(B)—basic phase (perovskite);
and (I)—impurity, integranular
phase
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Figure 2 presents the capacitance-voltage characteristics
of various BSM and BSN ceramics. The BSM samples had
dielectric permittivity ¢ about 400-500, the tunability coef-
ficientn = 1.06-1.11 at E~ 2 V/um, and tan § ~ 1073, The
C(U) dependence was similar to a Gaussian. The hysteresis
magnitude varied from several tenths of a per cent (AC/Cy =
0.003-0.007 for BSM 1) up to several per cent (BSM2). The
BSN samples had dielectric constants in the 500—-700 range;
the tunability was kept at the same level as the BSM sam-
ples; the considerable ambiguity in C(U) dependence was
obtained at all values of bias voltage, see Figs. 2(c) and (d).
The dependence C(U) had the non conventional C ~(U )
parabolic shape.

The measurements of tan § (U) dependencies exhibited
an increase with applied voltage, see Fig. 3(a). Figure 3(b)
shows the C(T) characteristics for BSM and BSN ceramics.
The temperatures of the maximal capacitance were close—
185-202 K. The Curie-Weiss constant for BSM and BSN
samples were C ~ 40000 K and C =~ 50000 respectively.

In spite of the comparatively low dielectric loss factor ob-
tained on both types of ceramics, in many cases the maximal
bias voltage was restricted to U, ~ 600-900V (E =1.1-1.4
V/um). Further bias voltage increases led to considerable en-
hancement of the conductivity. To reveal the mechanisms of
ferroelectric ceramic conductivity and to optimize the elec-
trical durability we studied the /(U) dependence of different
samples. The measurement results are presented in Fig. 4.
The samples BSM1-1 and BSM1-2 had 20 at.% Mg and it
were sintered at different temperature in the range (1400-
1540)°C. The portions of the data corresponding to Ohm’s
law (Fig. 4(a)) were used for estimation of the sample re-
sistance. The sample from the BSM1 group had the lowest
resistance value (R = 4 - 10'° Q) among the BSM samples,
and one of the samples BSM2 had the highest resistance
R = 10"'Q. Special attention was focused on the nonlinear
parts of the I(U) characteristics, which were distinguished
by various dependences on applied voltage. So, the sample
BSM1 had rather long horizontal part (from 80 V up to 800
V), and then exponential current increase was detected in
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the region 800-900 V. This transitions to a region of practi-
cally vertical current growth were independent of bias volt-
age. The BSM2 sample also exhibited a horizontal region of
the curve; however the length of the I(U) dependence was
considerably shorter. The sample BSM1 had no horizontal
region, and the negative differential resistance was obviously
obtained.

The current-voltage characteristics with the long horizon-
tal region were obtained on the samples having the Gaus-
sian shape of the C(U) characteristics. The BSM samples
had comparatively low hysteresis on the capacitance-voltage
characteristics and visible ambiguity was revealed only at low
bias voltage values (see Fig. 2(a), for the sample BSM1).
The short horizontal part of the I(U) dependence corre-
sponds to considerable C(U) hysteresis at every value of
bias voltage (see Fig. 2(b) for the sample BSM2). In that
cases, when the horizontal part on the /(U) dependencies
was not detected (see Fig. 4(a), the sample BSM1) or the
parts with negative differential resistance were appeared (see

50 100 150 200 250 300 T, K

Fig. 4(a), the sample BSM1) we obtained the essential hys-
teresis on the C(U) characteristics and a corresponding in-
crease of its ambiguity. Thus, BSM and BSN ceramics have
these essential differences: (a) Gauss (BSM) and parabolic
(BSN) character of C(U) dependence; (b) the hysteresis
value tAC/C ~3-1073 (BSM)and AC/C ~5-10"2 BSN);
(c) different shape of the I(U) dependence and the resis-
tance value on the Ohmic part of the characteristics, which is
about ten times higher for BSM ceramics in comparison with
BSN.

The tan §(U) characteristic allows the possibility of mak-
ing a conclusion on the loss mechanisms in the paraelectric
phase [6, 7]. Most of the investigated ceramics exhibited an
increasing tan §(U) dependence (see Fig. 3(a)). As it was
proposed in ref. [6] this loss factor behavior is caused by
the fundamental loss character and residual polarization in a
paraelectric phase. For high quality SrTiO; single crystals at
10 GHz and 77 K (pure paraelectric phase) the theoretical and
experimental tan §(U) dependences also have an increasing
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character. The critical temperature of the samples investi-
gated is 100-120 K lower by comparison with the working
temperature, therefore the fundamental losses can be con-
sidered as most probable loss mechanism in both ceramic
types.

Let’s consider the features of the I(U) dependencies. The
BSM samples ordinarily have four regions: Ohmic conduc-
tivity; the horizontal part or region of negative differential
resistivity; the region of exponential current increase and;
the region of vertical current enhancement. The samples of
highest Mg concentration are characterized by the highest
resistance. The horizontal I(U) parts of BSM samples could
be explained by rather simple inhomogenities or compensa-
tion mechanisms on the charged doping impurities. In the
case of negative differential resistance the sample contains
a dipole region of high electric field [8]. The estimation
of the dipole layer in the ferroelectric samples can achieve
200-250 pm. Such charge inhomogenity considerably in-
creases the hysteresis value. The horizontal parts on 1(U)
dependencies or the negative differential resistance were ob-
served on thin film samples [9, 10], however the model de-
scription of this effect was not accomplished. The third part
on the /(U) characteristics is associated with the individ-
ual energetic distribution of the charge traps. The trap ac-
tivation energy for the materials studied has a wide spec-
trum from 0.09 up to 1.4 eV [14, 15]. The exponential part
could be connected with Schottky barrier at the interface
metal/dielectric [9]. The fourth part of the vertical current
increase is related to the regime of the complete filling of
deep traps [12]. Taking the corresponding values on the ex-
perimental /(U) characteristics we can estimate the concen-
tration py, of the sticking centers, which are not filled by the
electrons

ep,. L2
Ucrr = P , (D
XN

where eep—dielectric permittivity; L—sample thickness.
For typical BSM ceramic values, & = 500, &g = 8.85 - 10712
F/m; L = 0.5 mm; Ucgr = 1000 V, the estimation of the
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concentration of acceptor sticking centers gives py, ~10%°
m~3. The practically vertical I(U) dependence could be
interpreted as electrical breakdown; however the electri-
cal properties of the sample were restored after a voltage
decrease.

The 1(U) dependencies of the BSN ceramics were char-
acterized by a presence of two parts: the Ohmic behavior, and
the part with quadratic /(U) dependence. The resistance val-
ues were determined for the Ohmic part and it varied from 4 -
10° upto?2- 1019Q2, lower than the resistance of BSM ceram-
ics. The quadratic part of the /(U) dependence corresponds
to the current restricted by superfluous space charge [6, 12].
Figure 4(b) illustrates the transition from the linear /(U) de-
pendence to the quadratic one at U, &~ 10 V for the sample
BSN-1, and U, = 60 V for the sample BSN-2. The compari-
son of the dependence of I(U) and C(U) of the test samples
indicates that the samples with lower U, had worse dielectric
parameters. For example, the sample BSN-1 (see Fig. 2(d))
had lower resistance and parabolic dependence of the C(U)
characteristics. The quadratic part of the /(U) characteristics
of the BSN ceramics corresponds to the current restricted by
the superfluous space charge. In correspondence with the the-
ory of the current limited by this effect, the current density
can be expressed [12]:

2

U
J = 9880#«?’ 2

where 6 = nil—relation of the total concentrations of free in-
jected and equilibrium carriers (n) to the trapped carriers
concentration (#,). Using the value of mobility of carriers
taken from [11, 16] & ~ 107> m?/V - s, and the experimental
value of electric current density J ~ 10~* A/m? and U,, ~ 10
V, we estimate 8 ~ 1072-1073, and n, ~ 10%°-10*! m3 in
agreement with the data in ref. [13] for the concentration of
the traps in the titanates of barium and strontium. That allows
determining that BSN ceramics are dielectrics with fine donor
traps.
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4 Conclusion

The presented investigation allows us to make a conclusion
that a presence of comparatively long horizontal part on the
I(U) dependence testifies about high dielectric characteris-
tics of ferroelectric ceramics. We established that investi-
gated BSM and BSN ceramics have a bulk conductivity. The
BSN ceramics with Nd additive showed lower electrical dura-
bility in comparison with BSM ceramics. In BSN ceramics
the conductivity is caused by the considerable concentra-
tion of the donor traps, which is dependent on the doping
concentration of neodymium. The trap distribution in BSM
ceramics, perhaps, has a gradual character and the essential
role belongs to the acceptor centers. In order to increase elec-
trical durability of BSN ceramics, probably, it is necessary
to apply the complex additives containing such material as
Mg together with Nd.

We determined that most perspective ferroelelectric mate-
rial for the Dielectric Loaded Accelerator structures is BSM1
ceramics with 20 at.% Mg additive, however further inves-
tigations and improvements of BSN ceramics could allow
achieving required characteristics.
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