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Abstract

The electrical and dielectric properties of Y;Al;0,, (yttrium aluminum garnet, YAG) ceramics are investigated in detail.
YAG:(Yb)x (0.01 <x<0.09) was synthesized by a solid state reaction and characterized by X-ray powder diffraction, field
emission scanning electron microscopy, and high-resolution transmission electron microscopy. The electrical and dielectric
properties have been intensively studied under certain bias voltages up to a frequency of 10 MHz. These properties are
dependent on the substitution rates, independent of the bias voltages. The experimental result shows that Yb*>* ion substitu-
tion into YAG ceramics significantly influences the conductivity, dielectric constant, and lossy mechanisms, which is prob-
ably owing to the 3d-Al ions and 4f-Yb ions incorporated at different positions of structural symmetries in Y;_,Yb,Al;O,,

(0.00<x<0.09) ceramics.

1 Introduction

Y;Al;0,, (YAG) ceramics are considered as a promising
material for microwave dielectric ceramics used as substrate
materials in microwave electronic devices, such as filters,
duplexers, resonators, and other components [1-5]. Sub-
strate applications require additional properties, such as a
low temperature coefficient of resonant frequency 7, low
linear coefficient of thermal expansion, high quality factor
(Qx(f) values, and high thermal conductivity [4, 6]. High and
moderate permittivity (e,>20) materials are used for micro-
wave resonator applications to reduce the size of circuits and
devices [2]. Whereas, low permittivity (¢,< 15) materials are
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mostly used for substrate applications [2, 7]. Ceramics with a
low permittivity can increase the speed of signal propagation
through the substrate and reduce the cross-coupling effect
with conductors [6]. To modify the dielectric properties of
a material, doping with small ratios are predominantly used
[8=10]. Substitution with ions from different valence and
radii or increased concentration of oxygen voids can gener-
ate various physical properties [11-13]. Therefore, doped
YAG with trivalent rare-earth ions as a substitution of either
Y3+ or AI’* sites without changes to the cubic structure is
expansively used to obtain a high dielectric performance and
low dissipation factor of the capacitors [14]. YAG crystals
are complex oxides with the chemical formula A;B,C;0,,
and belong to the Ia—3a space group, where A, B, and C are
cations commonly from metals with various sizes, and B and
C can be added from the same element. (A) Cations occupy
the dodecahedral site, (B) cations occupy the octahedral
site, and (C) cations occupy the tetrahedral site and connect
with oxygen ions to form the garnet crystal [15]. The large
ion Y>* mainly occupies the (A) site, while AI** dominates
(B) sites [16]. In this study, the microstructure and dielec-
tric properties of Yb**-substituted YAG (Y;_,Yb,Al50,,
(0.00<x<0.09)) ceramics were investigated in detail.
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2 Experimental procedure

The Y;_,Yb,Als0;, (0.00 <x<0.09) ceramics were syn-
thesized by a solid-state reaction method. Y,05 (99.9%,
US-Nano) and Al,05 (99.9%, US-Nano) were used as the
initial materials for the preparation of Y;Al;0,, (YAG)
with a chemical ratio of 3:5. For the typical synthesis of
Y;_,Yb Al;0, (0.00 <x<0.09) ceramics, the stoichio-
metric amount of Yb,05 (99.9%, US-Nano) was added to
the YAG. The starting materials were mixed and ground
by an agate mortar and pestle for between 30 min to 1 h
to ensure a homogeneous mixture was obtained and to
bring fresh surfaces into contact, in order to speed up the
reaction process. Each sample was subjected to the same
process separately. The mixture was pelletized using a
hydraulic press machine under a pressure of approximately
60 kg/m? for 80 s. Pelletizing helps to increase the con-
tact area between grains. After grinding and pelletizing,
the mixture was prepared for the heat treatment process,
and the pellets were placed in a closed alumina crucible.
The crucible was closed using a lid to prevent contamina-
tion; the pressure caused by the lid may be another fac-
tor that guarantees the completion of the reaction. The
heating process was carried out in three stages; in each
heating step the pellets were ground and pelletized again.
Firstly, the samples were subject to a sintering tempera-
ture of about 1300 °C for 12 h. Then, the samples were
ground and peptized to prepare them for the second stage
at 1500 °C for 4 h. The final stage was carried out at about
1600 °C for 2 h. The phase identification of products
was conducted by X-ray powder diffraction using a Shi-
madzu XRD 6100 X-ray diffractometer (Cu K|, radiation,
A=1.540 A). The diffraction data were collected over the
20 range of 20°-70° with a scanning step width of 0.02°.
The morphology, microstructure, and chemical analysis
were taken via a FEI Titan S/TEM microscope operating
up to 300 kV coupled with an EDXS Si(Li) detector. The
dielectric measurements were carried out using Novocon-
trol Technologies, Alpha-AN with a frequency range of 3
uwHz-20 MHz.

3 Results and discussion
3.1 Structural analysis

The XRD powder patterns of the Y;_,Yb,Al;O,
(0.00<x<0.09) ceramics are presented in Fig. 1. The
XRD peaks show a well-crystalline YAG phase with lit-
tle appearance of the secondary phase of YAIO; (YAP)
according to the database in Match3! with card no. [96-
153-3070]. In addition, the crystallographic structure of
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Fig.1 XRD pattern of YAG: xYb>* with different concentration of
Yb** ions

Table 1 The lattice parameters of Y;_ Yb,AlsO,, (0.00<x<0.09)
ceramics

X a=b=c (A) vV (A)?
0.00 12.0044 1729.9016
0.01 12.0041 1729.7719
0.05 12.023 1729.3826
0.07 12.0011 1728.4751
0.09 12.0004 1728.17227

Y;_,Yb,Al;O}, (0.00 <x<0.09) ceramics were confirmed
by Riveted refinement using Match3! Software. A cubic
structure was confirmed for the YAG:Yb** phosphor with
different concentrations, as shown in Table 1. We detected
a slight decrease in the lattice parameters when increasing
the Yb>* concentration, as shown in Fig. 2. This change is
principally attributed to the substitution of Y>* ions with an
ionic radius of 0.90 A by ions of Yb** with a smaller ionic
radius of 0.86 A. Moreover, changing the concentrations
of the doped Yb** ions in the YAG lattice releases stress
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Fig.2 Relationship between the lattice parameters and concentration
of Yb**

between the perovskite units, resulting in a decrease in the
lattice parameters [17, 18].

3.2 Morphological and microstructural analyses

The morphology of the Y;_,Yb,Al;O;, (0.00 <x<0.09)
ceramics are presented in Fig. 2. The images reveal a semi-
spherical shape with a homogeneous microstructure. The
particles tended to form irregular aggregates and clusters
with well-defined grain boundaries. Moreover, the parti-
cle sizes decreased slightly with the increasing content of
Yb3*, this confirmed the XRD results that the substitution
shrunk the crystal. Figure 3 exhibits the TEM images of
Y;_,Yb,Al;O,, for x=0.00, 0.05, and 0.09. They show
irregular morphologies with sharp edges and are charac-
terized by a cubic garnet-like structure. HR-TEM images
were obtained for measuring the lattice d-spacings, as shown
in Fig. 4. The d-spacings show values of 0.21, 0.26, 0.30,
0.32, and 0.42 nm that correspond to the (440), (420), (400),
(321), and (220) atomic planes, respectively, that approved
the YAG cubic structure. The EDX elemental mapping spec-
tra and quantitative analysis confirmed the formation of the
Y;_,Yb,Al;O,, ceramics for x=0.00 and 0.05, as displayed
in Fig. 5.

3.3 Electrical conductivity and dielectric properties
3.3.1 Conductivity

The conductivity under the external electric field exhibits
some typical ohmic properties, possibly caused by identical
carriers at different DC bias potentials. The overall electrical
conductivity can be defined by the equation 6 = o + 04
(where o is the DC conductivity that is usually attributed

to the drift of the charge carriers in the electrode and grain
interface; o, is the AC conductivity related to a dielectric
relaxation of the bound charge carriers under a stimulus of
the AC electric field). Thus, the DC conductivity is sup-
pressed at low frequencies, whereas AC conductivity is more
effective at higher frequencies.

The conductivity of the Y;_ Yb Al;O,, (0.00<x<0.09)
ceramics was measured at room temperature in the bias
voltage range of —10.0 to 10.0 V (AV=1.0 V) as a func-
tion of the frequency up to 10.0 MHz. In Fig. 6, the fre-
quency dependence of the conductivity for YAG:xYb>*
ceramics is calculated from a standard equation [19]:

o' (@;V) = o4c(@;V) = € (w;V)we,

where o'(w; V) is the real component of the complex con-
ductivity, " is the imaginary part of the complex dielectric
permittivity (e*), g, is the vacuum permittivity, and o is
the angular frequency of the AC stimulation signal applied
across the Y;_ Yb Al;0;, (0.00 <x<0.09) ceramic pellets,
as previously mentioned. Clearly, the YAG and Yb-substi-
tuted YAG ceramics show a linear tendency in the log-log
graphs, regardless of the substitution ratios and bias volt-
ages. All the graphs illustrate that the conductivity obeys a
power exponent law, as follows [20, 21]:

o(w,V,x) = oo(V,0)0"

where o,,(V, x) denotes the proportionality pre-coefficient of
AC conductivity as a function of both the bias voltage and
substitution ratio, and n(V, x) is the power exponent that
varies with both the bias voltage and substitutional level
with reference to the YAG. For this reason, the power expo-
nent can be easily calculated from the slope of the plots
of logo, versus logw for the YAG and Y;_ Yb Al;O,
(0.00<x<0.09) ceramics. The power exponent is quantita-
tively dimensionless and approximately equal to unity.

For the unity value, the hopping mechanism is influen-
tial, otherwise there is always band conduction regardless
of the applied constant electric field. As can be seen from
Fig. 6, when all conductivities are carefully examined, it is
clear that there is no fluctuation at any frequency and bias
voltage and for any substitution ratios (including x=0.00).
However, any effect on the conductivity of the bias voltage
was not measured, while a small deviation on the conduc-
tivity at lower frequencies is observed with a variation of
the parameter.

As can be clearly seen from Fig. 6, an improved power
exponent variation of the AC conductivity shows a steady
trend for the YAG. However, for Y;_,Yb,Al;O,, ceramics,
for x=0.01, the AC conductivity decreased at all frequency
ranges and bias voltages while it increased for other substi-
tution levels, particularly at medium and high frequencies,
as shown in Fig. 7, from the plots depicted at low (10.0 Hz),
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Fig.3 SEM images of Y,_,Yb,ALLO,, (0.00 <x <0.09)

medium (10.0 kHz), and high (10.0 MHz) frequencies. It
should also be emphasized that the conductivity taken at
the lowest frequency, 10 Hz, demonstrates the DC con-
ductivity contribution originating from band conduction
while both the medium and high frequency conductivity
provides a contribution from the hopping mechanism, as
described earlier. Hence, the band conduction mechanism is
more dominant for Yb substitutional levels. It is obvious to
note that some lower frequency conductivities up to 300 Hz
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provide a significant insight with an influence of Yb>* ions
over the substitutional level.

The externally-applied constant electric field has no
effect on the conductivity for all ranges of frequencies and
Yb>* ion substitutions, except the conductivity at 10.0 Hz
and for x=0.05 for bias voltages of —10.0 V and —8.0 V.
Therefore, this trend shows the ohmic type of the conduc-
tivity owing to its non-variation under the constant elec-
tric field applied across the sampling pellets studied here.
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Fig.4 TEM and HR-TEM images of Y;_, Yb Al;O;, (x=0.00, 0.05 and 0.09)

It can be seen from Fig. 7 that the conductivity almost The above phenomenal attitudes may be owing to some
increases with the level of frequency, i.e., c =24 pS/cm  ohmic type conduction contribution to the conductivity.
for 10 Hz; 6 = 20 nS/cm for 10.0 kHz; and 6 = 35 uS/cm  The rest implies that the conduction phenomenon is AC
for 10.0 MHz. conduction owing to the hopping of charge carriers across

the sites. In general, the conductivity of non-doped YAG
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Fig. 5 EDX and elemental map-
ping spectra of Y;_ Yb,ALO,,
(x=0.00 and 0.05)

v oot b
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decreases quickly with x=0.01 and increases with any
other level of substitutional ytterbium ions, while the fre-
quency is strongly power law-dependent though independ-
ent of bias voltages. It is known that these types of tenden-
cies could be allowed for general dielectric behavior and
could also be interpreted on the basis that the hopping con-
duction increases with the elevation of frequencies. Hence,
it is supported by the hopping electron conduction between
the octahedral and tetrahedral symmetries of aluminum,
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although some charge carriers are released from differ-
ent trapping centers. In the literature, there is an absence
of information on the dielectric properties of YAG:xYb>*
ceramics, apart from the optical properties [22].

3.3.2 Nyquist plotting

For a given frequency, the real Z'(w) and imaginary Z" ()
parts of the complex impedance of YAG ceramics can be
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Fig.6 ac conductivity plots of Y; YbAl;0;,, (0.00<x<0.09)
ceramics as a function of frequency for various bias voltages. (Note
that since the bias voltage dependence of the dielectric parameters

expressed as Z*(w) = Z'(w) + iZ" (w). This can be deter-
mined from the complex permittivity £*(w) = €' (w) — ie” (w)
from the following expression: Z* = 1/(iwC,e*), where C,, is
capacitance in free space. Thus, the complex impedance of
YAG ceramics could be given by the equation

« 1 1

= Rrme TR =7'-i7".
, Tl R, +iwC,,

In the case of any substituted YAG ceramics, the die-
lectric behavior is typically controlled by any volumetric
ratio of grains to grain boundaries. At lower frequencies,
the contribution of grain boundaries to conduction is more
dominant than that of grains. Owing to a poorer conduction,

Frequency, Hz

is found to be insignificant, other graphs based on bias-voltages of
—-8V,—-6V,—-4V-2V,2V,4V,6V and 8 V are not shown)

the motion of charge carriers is reduced at the grain bound-
ary; hence, grain boundaries are less conductive than grains.
A similar behavior pattern was noticed for Yb>* ion-sub-
stituted YAG ceramics because the resistance of the grain
boundaries was found to be relatively larger than that of the
bulky grains. This indicates that grain boundaries act as a
barrier in the conduction mechanism. Yet, Yb>* ion sub-
stitution reduces the resistance of grain boundaries, mak-
ing it comparable to that of the grain boundaries of YAG
ceramics [23].

As a characteristic evaluation, Nyquist plot is an essential
tool to investigate the effect of the microstructures of YAG
ceramics on the conduction mechanism. The analysis of
Nyquist plots provides some significant parameters relevant

@ Springer



616 Journal of Materials Science: Materials in Electronics (2019) 30:609-623
—— 30 L] T L] L] L]
664 e ————— — <
X=0.00 I e e e
604 . . = —=—A=U.
YAG:xYb; f=10 Hz X=001 28]
E 55- —A—§=88§ g 27_ A A 4 A A A A A A A A
%) —v—X=0. S
a 607 —«Xx=009| @ 28
3 46l A\\L S ] YAG:xYb; f=10 kHz
= U G S =
© 40 © 244
3 - 3 5
§ 36- g
30- © 221
26- 21
20_ ——i—i—f————8—8—a
204 e—9o o o o o o o oo —9
L) L] Ll T L) 19 L] L] L] L) L]
-10 -6 0 6 10 -10 -6 0 6 10
dc Bias Voltage, Volts dc Bias Voltage, Volts
45
] e —————<
43 vV—y v v v v v v v v v
E 42- A A A A A e A A
8 A A A
0 414
3
S 401 YAG:xYb; f=10 MHz
0 39
3
2 384
o]
O 37-
36
354 ——s———s————8—a
*—o—0—0—0—0—0— 00— 0—0—0
34 r r

0 5 10

dc Bias Voltage, Volts

Fig.7 ac Conductivity plots of Y;_ Yb Al;0;, (0.00 <x<0.09) ceramics as a function of dc bias voltage for various substitutions

to non-Debye relaxation approaches. Figure 8 shows that,
first, there is no effect of magnitude and polarity of the bias
voltage on the Nyquist plot and, secondly, with the elevation
of frequencies between 10 Hz and 10 MHz, the variation of
reactance against resistance for x=0.01 seems to be quite
high when compared with other substitutions as well as pure
YAG ceramics. Thirdly, for the same range of frequencies
(10 Hz-10 MHz), the magnitude of reactance varies up to 6
GQ for x=0.01, while that of the resistance reaches 46 GQ
for the same substitutions, but for a bias voltage of 10.0 V.

3.3.3 Dielectric constant
The dielectric measurements of both YAG and
Y;_,Yb,AL;O, (0.00 <x <0.09) ceramics were carried

out at a frequency between 10.0 Hz and 10.0 MHz and at
a voltage between — 10.0 and 10.0 V, with an interval of

@ Springer

AV =2.0 V. An investigation of the dielectric parameters,
such as dielectric constant, dielectric loss, and dielectric
tangential loss factor, provides useful information on the
transport of electric charge carriers in terms of under-
standing the conduction mechanism of Y;_,Yb,Al;O,
(0.00<x<0.09) ceramics. As shown in Fig. 9, the die-
lectric constant exponentially decreases with increas-
ing frequency up to 173.0 kHz before bouncing between
the values of 4 and 6, then exponentially increasing with
increasing frequencies starting at 242.0 kHz for both YAG
and Y;_, Yb,Al;0,, ceramics for x=0.01. For other substi-
tutional YAG samples, the tendencies in the second region
seem quite different. It was observed that the dielectric
constant strongly depends on the substitution rates in YAG
ceramics. In this case, after bouncing between a value from
5.5t0 7.9 (x=0.09), it remained almost constant along a
frequency of 950 kHz, before suddenly dropping to 7.5 by
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Nyquist plot to see that the low frequency effect is even clearer

1.35 MHz (x=0.09), then exponentially increasing with
increasing frequencies. Therefore, such a change in the die-
lectric constant can be easily modified by the substitution
level of Yb>* ions in YAG ceramics relative to a particular
frequency domain. It is observed that the dielectric constant
has a value between 4 and 11, depending on both the fre-
quency and the substitution level. However, no significant
change was recorded for a variation in the magnitude and
polarity of the externally-applied DC bias voltages.

In addition, the dielectric constant reduced by a multiple
exponential trend, unlike by a power exponent or simple
exponential trend. In general, the bias voltage does not have
an effect on the dielectric constant, while the ytterbium
substitution causes a significant increase in the dielectric
constant.

The dielectric constant as a function of fre-
quency for the whole substitution level shows some

different properties. This is attributed to the electrical
conduction owing to both the electron and polar jump-
ing mechanisms. Because of the complexity of various
Y;_,Yb,AI;O,, (0.00 <x<0.09) ceramics, as already
mentioned for two types of symmetry, the dielectric
constant depends on how quickly the polarization level
communicates with the stimulus of an externally-applied
electric field oscillation. The higher the frequency, the
lower the polarization orientation, because the align-
ment of the dipole moments requires a longer interval of
response time compared to the orientation of the elec-
tronic and ionic polarizations.

This results in a reduction in the dielectric constant,
and the exponential decay rate varies for all samples
depending on both the frequency and the substitution
rate of the Yb3* ions. The frequency dependence of
the dielectric constant describes the presence of the

@ Springer
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Fig.9 Dielectric constant plots of Y;_, Yb, Al;O;, (0.00 <x <0.09) ceramics as a function of frequency for various bias voltages

electrode interface polarization processes, which are
usually seen at lower frequencies. Incremental sub-
stitution dependence may possibly be attributed to
molecular orientation and rearrangement [24, 25]. For
this reason, the dielectric constant of Y;_,Yb Al;O,,
(0.00 <x<0.09) ceramics increases with the substitu-
tion rate owing to the improvement in the boundaries
between some lanthanide ion substitutions in YAG as
the dopant concentration varies.

3.3.4 Dielectricloss
In general, the dielectric loss for both YAG and

Y;_,Yb,Al;O}, (0.00 £x<0.09) ceramics showed a power
law trend, that is, a nearly linear curve in the log—log

@ Springer

graphs. The frequency dependency of the dielectric loss
shows an almost linear decrease up to the frequency of
65 kHz. Then, the various fluctuations in the higher fre-
quency region depend on the substitutional level and type,
and even frequency region. However, there is no significant
effect on the dielectric loss of the magnitude and polarity
of bias voltages.

This linearity in the 10-65,000 Hz frequency range of
the log—log graphs related to the power law of the base of
n is defined by

e’ (wx) = €'0x)w"

where @ is the angular frequency and &"(0;x) is the pre-
coefficient dielectric loss that is dependent on substitu-
tional ratios, as shown in Fig. 10. n is the power exponent
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Fig. 10 Dielectric loss plots of Y;_, Yb,Al;O;, (0.00 <x <0.09) ceramics as a function of frequency for various bias voltages

associated with the substitution of Yb>* ions in YAG and
also with YAG itself. For this reason, it can be assumed
that the dielectric loss mechanism depends on the nature of
the reorganization owing to the structural diffusion of the
elemental substitutions. It is also clear that the capacitive
response exhibits a higher dielectric loss dependence when
compared to the rearrangement of the Yb>* ion substitution
in YAG. In the log—log graph, this linearity corresponds to
the DC conductivity (6pc) expressed as

" o_
€, = O'dc(a)Co)
where C, is the vacuum capacitance. The dielectric loss
eventually reaches a minimum level, with some fluctuations

at the end of a higher frequency and is usually shifted to
the higher frequency side depending on the substitution rate

of the Yb>* ions in the YAG. Owing to the charge transfer
between the symmetries of the Al ions, there is a limited
drift motion of charges in the direction of the externally-
applied electric field establishing the polarization. There-
fore, the polarization degree decreases with increasing fre-
quency as the electronic transition between the symmetries
of the Al ions delays the following electric field.

3.3.5 Dielectric modulus

The dielectric modulus can be divided into both real and
imaginary components of the complex dielectric data related
to the dielectric constant £’ and dielectric loss €/, and can be
expressed with an equation [26]:

e +ig"”

M* _
e? 4+ ¢?

Lowvim =
6*
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Fig. 11 Real modulus plots of Y;_ Yb Al;0;, (0.00 <x <0.09) ceramics as a function of frequency for various bias voltages

where M'and M"' are the real and complex components of
the dielectric modulus, respectively.

The real modulus measurement of Y;_,Yb Al;O,
ceramics as a function of the frequency for various bias
voltages is summarized for a variety of Yb>* ion substitu-
tions in Fig. 11. It is important to emphasize that the real
modulus increases with increasing frequency before reach-
ing a saturation level along a certain frequency of 165 kHz.
It is observed that the real modulus has a similar trend as
in the case of the mirror image curves of the dielectric con-
stant. Hence, both results can be interpreted in a similar
manner.

In Fig. 12, the imaginary modulus is studied as a
function of the frequency up to 10.0 MHz of both YAG
and Yb>*-substituted YAG extensively for bias voltages

@ Springer

ranging from — 10 to 10 V with an interval of 2 V. For
both the YAG and Yb>*-substituted YAG ceramics, the
imaginary modulus first decreases rapidly to a frequency
of 100 kHz, then continues to decrease slowly until the
frequency reached 2.4 MHz, after this it increases by a
certain value.

3.3.6 Dielectric tangent loss

For the tangent loss analysis, it is clear to see from Fig. 13
that the magnitude of the tangential loss at the lower fre-
quencies is strongly dependent on the substitution but
independent of the bias voltages. Over a medium fre-
quency range of 1.0 kHz, the tangential loss is minimized
and at higher frequencies, just below 10.0 MHz, it begins
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Fig. 12 Imaginary modulus plots of Y;_, Yb,AlsO, (0.00 <x<0.09) ceramics as a function of frequency for various bias voltages

to increase for all. Hence, the decline in both the dielectric
constant and lossy tangent with the frequency is normal
behavior within the octahedral and tetrahedral symme-
tries of the aluminum ions of YAG and can be attributed
to charge polarization. The rapid reduction of both the
dielectric constant and the lossy tangent with respect to
frequency can normally be attributed to the structural sym-
metry of the aluminum ions in the YAG and, thus, to the
charge polarization. Some rapid reduction in the tangential
loss, similar to the dielectric constant, occurs owing to the
frequency of the electron exchange between the structural
symmetry sites of the aluminum atoms in YAG, which
does not originate from any externally-applied electric
field.

4 Conclusion

Y;_,Yb,Al;O,, (0.00 <x <0.09) ceramics were prepared
via a solid-state reaction. X-ray powder pattern and
HRTEM confirmed the YAG cubic structure. The elec-
trical and dielectric properties of YAG ceramics up to a
frequency of 10.0 MHz were examined; it was observed
that the ytterbium dependency is better understood by
the parametric variations such as conductivity, dielec-
tric constant, and loss mechanisms. This tendency can
be attributed to various lattice modifications such as
3d-Al ions and 4f-Yb ions in the structural symmetries in
YAG:xYb>* ceramics.
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