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Abstract

This text discusses about advantageous, powerful and limitations of admittance and dielectric spectroscopy in the characterization of polycrystalline
semiconductors. In the context of polycrystalline semiconductors or dielectric materials, the admittance or dielectric frequency response analyses
are shown to be sometimes more useful than impedance spectra analysis, mainly because information on the capacitances or deep trap states are
possible to be monitored from admittance or dielectric spectra as a function of dopant concentration or annealing effects. The majority of examples
of the application of admittance or dielectric analysis approach were here based on SnO,- and ZnO-based polycrystalline semiconductors devices
presenting nonohmic properties. Examples of how to perform the characterization of Schottky barrier in such devices are clearly depicted. The
approach is based on findings of the “true” Mott-Schottky pattern of the barrier by extracting the grain boundary capacitance value from complex
capacitance diagram analysis. The equivalent circuit of such kind of devices is mainly consistent with the existence of three parallel elements: the
“high-frequency” limit related to grain boundary capacitances, the complex incremental capacitance at intermediate frequency related to the deep
trap relaxation and finally at low frequency region the manifestation of the conductance term representing the dc conductance of the multi-junction

device.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Impedance spectroscopy (IS) is the most popular frequency
response technique applied to unravel the complexities involved
in electroceramic materials.' A lot of information can be
obtained from this technique which are very useful to reveal the
relationship between electrical properties and the physical chem-
istry features involved in the preparation of the materials, such
as microstructure formation and features, composition, dopant
and/or defect distribution, etc.!”> This technique is largely
applied in the studies of polycrystalline ceramic solid elec-
trolytes for the calculation of transport numbers, concentration
of carriers, charge-carrying species separation, electronic and
ionic defect amount and their mobility.! The influence of oxygen
partial pressure, dopant concentration, impurities and second
phase precipitation are also usually probed by this technique.
As the solid electrolytes of practical importance are frequently
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polycrystalline, bulk and grain boundary conductivities are also
taken into account and its separation is of special interest.?

In the case of solid electrolytes the conductive term dominates
the frequency response and then impedance diagram repre-
sentation and interpretation (traditionally known as impedance
spectroscopy) is most useful than other kinds of frequency
response representation of the systems under study.’

Alternatively to the solid state electrolytes, another exam-
ple of electroceramic devices that present polycrystalline nature
is the voltage-dependent resistors which are ceramic materi-
als that do not obey the Ohm’s law.*/ They are comprised
of metal oxides and are also referred as varistor devices.®’
All of metal oxide varistor systems are polycrystalline mate-
rials or devices comprised of a semiconducting matrix of band
gap energy around 3 eV (ZnO, TiO,, SnO, and SrTiO3).%° The
nonohmic properties of such devices are related to the poten-
tial barrier formation at grain boundary whose main conduction
characteristic is dominated by electronic tunneling over the bar-
rier at ambient temperature.®” The barrier nature is considered
to be of Schottky-type barrier.!0 Due to the polycrystalline
morphology these barriers are modeled as double Schottky-type
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Fig. 1. Representation of an individual double Schottky barrier junction for a metal oxide polycrystalline semiconductors possessing nonohmic behavior. The specific
case of segregated oxide metal or precipitated oxide phase layer is shown. The picture is applicable to a variety of metal oxide polycrystalline semiconductor systems.
In this figure possible phenomena that interfere on the frequency response analysis are shown, although some of than were not investigated in the present text. Due to
the polycrystalline nature of systems, these phenomena are very difficult to be studied in detail (examples are the hopping conductivity and interfacial low frequency

dispersion—LFD).

over grain boundary region or junctions between two different
grains (see Fig. 1).81011

In the later kind of device considered, IS technique is also
applied to explore the differences between bulk and grain bound-
ary resistance contribution to the overall resistive response.’
However, the properties of the grain boundary are rarely fully
explored in the correct context of Schottky-type barrier. This
occurs particularly because grain boundaries are considered
to possess solely one type of charge contributing to its over-
all capacity. This approach is not correct in the context of
polycrystalline semiconductor as shall be demonstrated here.
An additional relaxation process exit in the grain bound-
ary region due to the grain semiconductor nature (e.g. deep
trap states existing in the grain) and then impedance dia-
gram representation is less useful than other kind of frequency
response representation to separate different grain boundary
charges contribution to the overall capacitance of this region,
mainly if frequency response measurements are taken at room
temperature.!! Therefore, to deal with such capacitive additional
term, or additional relaxation process, admittance or dielec-
tric complex diagrams representation of frequency response is
more useful than the impedance complex representation.'%-14
This lead to the definition of admittance spectroscopy (AS)
and dielectric spectroscopy (DS) that are, respectively, based
on admittance and dielectric functions, respectively. Admittance
or dielectric functions are impedance-related functions and the
differences between them are just related to its weighting with
frequency.>10-1214

Therefore, the main goal of this work is to demonstrate that
the use of AS and/or DS in the context of polycrystalline semi-
conductor is more useful than the use of IS. In other words, the
purpose is to demonstrate that the admittance and/or dielectric

complex diagrams of the frequency response of polycrystalline
semiconductor is more useful than the impedance diagrams to
reveal the relaxation processes, electrical conduction mecha-
nism and charge accumulation involved with grain boundaries,
at least in the case of highly dense polycrystalline devices. The
influence of the porosity or number of active barrier in the global
response will be also considered and discussed. Indeed, for this
purpose we will mainly restrict our examples to polycrystalline
nonohmic devices comprised of SnO, and ZnO matrix.!*-1%14
However, there are a lot of other semiconductor polycrystalline
systems in which the approach presented here can be usefully
exploited."

2. Admittance and dielectric complex functions

In the context of junction devices, of which polycrystalline
semiconductors is a multi-junction systems class, AS is essen-
tially synonymous of DS. However, it is very important to
mention that the dielectric behavior of semiconductors is not
usually regarded as a part of the science of dielectrics.'®

The reason of why AS is considered as essentially synony-
mous of DS in the semiconductor junctions context is based
on the fact that the admittance functions (Y*(w)=Y +jY” in
which @ =27fis the angular frequency and j = +/—1) is directly
proportional to the capacitance function according to

C* () = (j0) 'Y (w), (1
. Y// JY/ , o
C(co):(—):C—i-JC )
w w

The real part (C') of the complex capacitance function is related
to parallel capacitance (C' = Y"/w = Cp) while the imaginary part
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(C") is related to a conductive term (C” =Y'/w = Gp/w). The G,
(or Gp/w) conductive term is a parameter that includes the dc
conductance and other relaxation-associated loss as shall be
commented later herein.

3. Equivalent circuit representation

As already commented previously, the admittance or dielec-
tric response of the polycrystalline semiconductors depends on
the bulk (grain) and grain boundary responses.'® As in the
special case to be described here of nonohmic polycrystalline
semiconductor devices, the general equivalent circuit repre-
sentation of the response (without consider the electrodes or
contacts) is shown in Fig. 2.10-12,14 On the one hand, the R,
and Cg stands for resistance and capacitance of grain or bulk,
respectively. On the other hand, Rgp and Cyyp, stands for resistance
and capacitance of grain boundary. The additional relaxation
impedance shown in Fig. 2 stands for an additional relaxation
process related to excitation from deep traps existing into the
band gap and the corresponding reverse capture processes. There
are three possibilities for this kind of relaxation: (a) ideal tran-
sitions or rate dynamics of trapping and detrapping represented
by a Debye-like process,!” (b) distributed rate dynamics with
transitions represented by Cole—Cole-like pattern!” and finally a
more general function (c) which is known as Havriliak—-Negami
relaxation function.!” This relaxation function on the con-
text of semiconductor junctions represents distributed dynamics
of trapping allied to interactions between charges, i.e. trap-
ping/detrapping dynamics influenced by charge interactions on
the conductance band or trapping state.'® The details of the
dynamics are still not completely understood.

The relaxations from (a) to (c) are represented, respectively,
by the following functions:

Ct—Cb
C*(w) = C — & 3
@ =Coo+ Ty 3)
Ci— Cgop
C*(w) = Cqp + ——— & 4
(@) = Cor 1 )
Ci—C
CH(w) = Cgp + ————2 )

(1 + (oo)' =)

C,
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Fig. 2. General equivalent circuit representation of polycrystalline semiconduc-
tors. It is important to note that the semiconductor nature of the polycrystalline
material is related to the Y admittance or impedance element and according to the
nature of deep trap states it can be represented by one of the relaxation functions
of Egs. (3)-(5).
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Fig. 3. Complex capacitance and Bode capacitive diagrams of relaxation pro-
cesses related, respectively, to Egs. (3)—(5). (a) Debye relaxation process, (b)
Cole—Cole relaxation with «=0.3 and (c) Havriliak—Negami relaxation with
a=0.3and =0.7.

in which 0 <a <1. Note that when a =0 and =1, the Eq. (5)
reduces to Eq. (3). Therefore, Eq. (5) is a general relaxation func-
tion that contains both Egs. (3) and (4). Fig. 3 shows the complex
capacitance diagrams representation of such kind of relaxations.
In Egs. (3)—(5), Cgp is the capacitance of grain boundary as
already named, C; is the capacitance of deep trap state and 7 is
the trapping/release relaxation time.

It is important to point out that albeit Egs. (3)—(5) are used in
dielectric interpretation of the dipolar relaxation, '3 in the present
context it is representing the electronic transitions at barrier
occurring in the junctions of a polycrystalline system. There-
fore, physically the context is totally different. Based on this
aspect, it is also important to stress that in the present discussion
of dielectric properties of a multi-junction barrier system, it is
not appropriate to talk about material parameters such as dielec-
tric permittivity or susceptibility since it is almost impossible
to have sufficient knowledge of the geometry, i.e. of the thick-
ness of the region in question (grain boundary) to determine the
former. Therefore, it is most convenient express the response in
terms of complex capacitance (C*) instead of complex dielectric
form (¢").
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4. Schottky-like grain boundary junctions

The applications of AS or DS to polycrystalline systems con-
taining Schottky-like grain boundary junctions permit one to
obtain all of the mean parameter values related to this kind of
junction and to study the influence of specific doping that even-
tually segregates at grain boundaries among other information
as shall be exemplified here.!%-!!

In the context of nonohmic polycrystalline metal oxide, it is
firmly established the existence of a double Schottky-like barrier
at grain boundaries. In such kind of double Schottky-like barrier
the capacitance of grain boundary is related to the bias voltage
applied to the junction by the following equation!®-11:13,14.19.

1 1 \? 2p2 1%
(L Va2 (oY) o
Cgb 2Cgb0 gkeoNg p

where g stands for the electron or elementary charge, k the dielec-
tric constant (k to SnO» grain is ~14), &g the permittivity of free
space, Vg4 the positive space charge density in the depletion layer
region (free electron density) and ¢y, is the barrier height. Cgpo
and Cyp, are the grain boundary capacitance per unit of area
biased, respectively, with zero and V volts. The parameter p is
necessary to perform the normalization of the values to the total
number of active barrier existing in the polycrystalline systems.
So that it is related to the mult-junction features of the system.
Obviously, it is a parameter dependent on the microstructure
morphology. The p parameter is also one of the major sources
of uncertainties on the calculation of the barrier parameter values
as shall be discussed further herein.

The density of Njg states at the interface between the grains
and the intergranular layer is estimated by using the following
relationship:

2Ng4ereo 172
o (e

5. Calculation of grain boundary capacitance and
“true” Mott-Schottky pattern

The calculation of Cg separated from other kinds of relax-
ation processes existing on the grain boundaries, e.g. due to
deep trap states, are of special interest to be applied in Eq. (6) to
calculate the parameters of the Schottky-type barrier.!%-11-13.14
By using this approach it is possible to calculate the C-V or
Mott-Schottky pattern of the system. In general, the C-V fea-
tures of polycrystalline system is obtained by using a capacitance
value taken in an arbitrarily frequency (which is incorrect and
cause errors and misinterpretation of the values). In this case,
the capacitance is said to be a frequency-dependent capacitance
and the error in the construction of the Mott-Schottky behav-
ior is great so that sometimes it is very difficult to establish
any relationship (or correlation) between the parameter values
related to the potential barrier (e.g. barrier height, width, etc.) and
that related to nonohmic macroscopic parameters (e.g. nonlinear
coefficient), which are responsible for the varistor macroscopic
electrical properties.
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Fig. 4. A typical complex capacitance diagram for SnO;-based polycrystalline
semiconductors. At low frequency region, it is observed the conductive term
(G/w) related to the grain boundary resistance. At intermediate frequency, the
relaxation process related to the deep trap rate dynamic is shown (better visual-
ized in the inset). Finally, at high frequency region is where the capacitance of
grain boundary is obtained separated from other capacitive relaxations.
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Fig. 5. The “true” Mott-Schottky behavior for SnO,-based varistor system
obtained from complex capacitance plane analysis. The frequency is taken in a
specific frequency depending on the system, according to approach discussed
on the text.

Otherwise, by analyzing the capacitance complex functions
response of the system it is possible to obtain the exact or closely
value of the Cyy, separated from other relaxation processes. -1
An example is given in Fig. 4, which shows a complex capacitive
response of a dense SnO;-based polycrystalline semiconductor
presenting a good nonohmic property. The region of frequency
where the Cgp, can be obtained is also indicated in Fig. 4. The
relaxation process related to deep trap states is indicated either.
This approach leads to the construction of the “true” Mott-
Schottky pattern (see Fig. 5) of the polycrystalline system under
study.!011

6. Calculations of deep trap state energy

Another parameter which could be very useful to explore
and analysis in the polycrystalline semiconductor is the deep
trap state energy. In the case of frequency response, a small
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Table 1

4317

o (Nonlinear coefficient), E}, (breakdown voltage), vy (voltage per grain), mean grain size (d) and relative densities (p;) of the SCNCr-X (SnO,.Co0.NbyO5.Cr, O3 —X)

varistor systems

SYSTEM & Ey/V.em™ W / V.grain™ d/pm el %
SCNCr-Ce0, 55 5536 2.0 3.6 94.1
SCNCr-Pry05 73 6110 24 3.9 86.8
SCNCr-La;0; 142 11525 2.3 1.9 79.7

X means CeOs, Pr,03 or Lay03.1!

ac signal is applied to the boundaries.!! There is a relaxation
when the angular frequency of this ac signal becomes equal to
the emission rate e, of the electrons in a trapping state (see
Figs. 1 and 4). Based on the theory of semiconductors it is know
that the displacements of the loss peak (C”(w)) occurs as a func-
tion of temperature. The e, (which is equivalent to 7! the time
dependence of electron transition) is directly proportional to wp
and depends on the temperature as follow!!:

Lk E‘] ®)

_ 1
wWp =T

= e, = o, Vin N exp [ T

in which wy, is equivalent to e,, 0, the capture cross-section, vy,
the free-electron thermal velocity, Ny the donor concentration,
as already defined previously and, finally, E.—E; is the energy
difference between conduction band and the trapping level.

As the E.—F; depends on the bulk nature of the polycrystalline
device, as expected, it is not influenced by dopants that segre-
gates or precipitates on the grain boundary as shown in Table 2
(Table 1 shows the macroscopic values of nonohmic properties
and morphology features). Furthermore, the deep trap state is not
influenced by the annealing at different atmospheres, according
to Table 3 and also in agreement to the atomic model defect pro-
posed to control the grain boundary composition.?? More details
will be given on the next section.

7. Examples of applications in nonohmic devices

The main goal of this section is to present examples of appli-
cations of the approaches described in the previous sections.

Table 2

Accordingly, Table 2 presents some potential barrier parame-
ter values obtained in SnO;-based varistor (nonohmic device)
systems. It is possible to study the influence of the additions
of three different dopants on the potential barrier parameter
values, as demonstrated in Table 2.!! From transmission elec-
tronic microscopy (TEM) analysis, it was concluded that all of
these dopants influences the grain boundary region by segrega-
tion and precipitation.”!">> Table 1 shows information for the
SnO;-based polycrystalline semiconductor systems concerning
nonohmic properties and microstructure characteristics. '

From the comparison between both tables it is possible to
observe the tendency of increasing of the barrier height as the
nonlinear coefficient (which defines the quality of the nonohmic
properties) increases. However, although the observed tendency
is correct, the values of barrier height for systems contain-
ing ProO3 and La;O, are overestimated. This overestimation
is related to the miscalculation of p parameter in Eq. (6). The
calculation of the value of the p parameter is based on the mean
grain size and on the distance from electrodes or, in other words,
depends on the thickness of the sample. A miscalculation of p
parameter value is, e.g. introduced by porosity or the existence
of a large number of nonactive potential barriers. The influ-
ence of the amount of nonactive potential barrier is easier to be
considered as shall be demonstrated in the next section. How-
ever, the effect of porosity is more difficult to be considered and
corrected. In Table 2, the values of barrier height are most overes-
timated due to porosity effect (see the values of relative density
of the samples) instead of the amount of nonactive potential
barriers.

¢p (Potential barrier height), Ng (represents the donor concentration), Nis (interfacial density of states) and § (barrier width) values for a back-to-back Schottky-type
potential barrier of SCNCr-X varistor systems. The shading values in this Table is are values over estimated due to relative densities (see shading values of Table 1)

SYSTEM @ /v Nex10%)/m®  Ns(x10Y/m®  §/mm  E —E,/cV
SCNCr-CeO;  1.10 £0.05 7.79 3.64 234 0.43 £0.02
SCNCr-PrO; | 1.99 +0.04 5.76 421 36.5 0.41+0.03
SCNCr-La;0; | 248 £0.06 443x10° 4.12x10' 4.65 0.41 +0.02

/]

The § values were calculated from the electrical neutrality condition (Nis =2N48). The of potential barrier parameters take into consideration the average number of
grains between electrodes (p parameter in Eq. (6) without corrections).!! Note that the ¢}, values are influenced by porosity (see relative density values in Table 1).
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Table 3

o, Ey, vp (for nomenclature see Table 1) for the SCNCr-La;O3 varistor sys-
tem (relative density around 80%) thermally treated at 900 °C in different
atmospheres'!

Annealing o Ep, (Vem™) vp (V grain™!)

11,536 2.0
11,831 2.3

N;-rich atmosphere 89
O;-rich atmosphere 145

300°C

* T T T x
250 500 750 1000 1250
Z'/ Ohms

Fig. 6. Complex plane representation of impedance responses for a SnO,.CoO-
based varistor system. In this figure, it is possible to observe the reversibility
of grain boundary resistance after heat treatments under different atmospheres.
(M) As-sintered with nonlinear coefficient (o) ~32, (A) No-with o~ 16 and
(O) Og-rich atmosphere with a ~26. Note that the impedance pattern is not
totally recovered although the grain boundary resistance value is almost totally
recovered.?’.

Table 3 presents the macroscopic values that determine the
nonohmic properties. On the other hand, for the same polycrys-
talline semiconductor system, Table 4 shows the potential barrier
parameter values obtained in SnO,-based varistor after anneal-
ing at different atmospheres.? Again, as foreseen according to
the atomic defect model for the Schottky-type barrier forma-
tion in polycrystalline semiconductors,?” the values of potential
barrier height rising is accompanied by an increasing of the non-
linear coefficient value which can be showed in Table 3. This
observed tendency is correct despite of the fact that the cal-
culated barrier height values are overestimated due to porosity
effect that causes an error in the calculation of the p parameter
values.

In Fig. 6, it is shown the impedance diagrams of samples after
different annealing.2? As known from literature data the nonlin-
ear coefficient and nonohmic properties decrease tremendously
after heat treatments in Np-rich atmosphere.!!?%-23 Neverthe-
less, the properties can be totally recovered after a new annealing
in O;-rich atmosphere. However, albeit the values of the nonlin-

Table 4

8e-11
(a)
6e-11 1
(T
= de-114 °
&] ..
K
2e-111
O T T T
2.4e-10 2.7e-10 3.0e-10
C'IF
1e-10
(b}
N
T
S 1e-111
Q
[=)]
o
1e-12 T T T T T T

oo -
w

1 2 3 4 5 6 7
log (frequency / Hz)

Fig. 7. (a) Complex capacitance diagram of ZnO-based varistor system showing
a Havriliak—Negami-like relaxation process for deep trap dynamic. (b) Capaci-
tive loss (C” = Glw) diagram.

ear coefficient are reversible, the charge distribution on the grain
boundary sometimes can be totally rearranged.!!-?%?3 Indeed,
the parameter of the grain boundary that is totally recovered
according to Fig. 6 is the value of Ry}, and it is one of the most
important parameters responsible to the nonlinear coefficient
values of the polycrystalline system.

Finally, in Fig. 7, it is possible to observe an admittance
response of ZnO-based varistor system.!?~1424-27 There are
some characteristics of admittance response of ZnO-based
varistor systems which still deserve some attention and here
we illustrate one of them. For instance, the presence of a
Havriliak—Negami like distribution for the relaxation of ZnO-
based varistor system is commonly observed.!”-?” The origin of
such relaxation function in the context of semiconductor junc-

b, N4, Nis and § (for nomenclature see Table 2) values for a back-to-back Schottky-type potential barrier of the SCNCr-Lay O3 varistor system (relative density

around 80%) thermally treated at 900 °C in different atmospheres

Annealing op (eV) Ng (x 108) (m™3) Nis ( x 1010) (m~2) 8 (nm) E.—E; (eV)
N,-rich atmosphere 2.27 + 0.04 0.98 1.86 94.8 0.41 + 0.02
O;-rich atmosphere 2.57 £ 0.05 91.3 19.1 10.4 0.43 + 0.02

These calculations take into account the average number of grains between electrodes (p parameter in Eq. (6) without corrections).'!
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Table 5

Results of nonlinear coefficient («), breakdown electric field (Ep), mean barrier
height value obtained from the EFM data analysis (¢efm), mean barrier height
value obtained by combining Eq. (6) and the complex capacitance plane analysis
(¢conv), mean grain size (d) obtained for SCNCr (SnO;.CoO.Nby05.Cr,03)
system29

System o Ey (V Cm_l) Pefm (V) Peony (V) d (pum)
SCNCr 75 6900 1.4 1.3 2.4
tion is still far to be totally understood. Garcia-Belmonte et al.’

reported that possible changes on the pattern of the distribution
can be caused by a more complicated dynamics that could be
related to cooperative interactions in disordered media due to
higher density of trap states. A detailed study of such distribu-
tions is very important in the context of degradation of varistor
devices because the mechanism of degradation is considered to
be linked to a bulk defect migration phenomena.>’-28

8. Electrostatic force microscopy and admittance
spectroscopy

From the pattern of capacitive potential energy obtained from
electrostatic force microscopy (EFM) technique as a function of
the applied voltage,? it is possible to obtain the minimum volt-
age value corresponding to the mean value of potential barrier
height for the active junctions. Such approach was tested in a
highly dense SnO»-based polycrystalline semiconductor. There-
fore, the value of mean potential barrier height obtained was
found to be about 1.4 V.?? The comparison of this value obtained
from EFM with that value obtained from a complex capaci-
tance analysis according to the approach previously discussed
is shown in Table 5. The other parameters of the system are still
shown in this table, for instance, nonlinear coefficient value and
electric breakdown field. The ¢efm and ¢cony are the mean val-
ues of potential barrier height obtained by fitting the EFM data
and by the methodology of combining Eq. (6) with the complex
capacitance analysis, respectively.2” It is important to emphasize
that, for the calculation of ¢¢ony, the p parameter was corrected
to consider the 85% of active potential barriers, i.e. p=0.85L/d
(L is the sample thickness and d the mean grain size). The values
obtained by using different methodologies were found to be in
good agreement.

The amount of 85% of active potential barriers must be the
origin of the better correlation obtained between barrier height
values and nonohmic properties in metal oxide SnO,-based*’
compared with metal oxide ZnO-based varistors which present
an amount of active barrier around 15-35% (because in this last
situation the correction of p parameter values is essential). The
larger number of active potential barriers in metal oxide-based
SnO;, is possibly related to the difficulty in obtaining low voltage
varistors of such systems.

9. Final remarks and conclusions

It is possible to conclude that admittance or dielectric spec-
troscopy is a powerful technique to study phenomena occurring

in polycrystalline semiconductors. It is very important, from sci-
entific standpoint, in understanding the mechanisms involved in
such kind of multi-junction devices. From technological point of
view, it can be also used to control and improve devices, mainly
because it is a nondestructive technique.

The majority of examples given in this text were based on
nonohmic devices, but it is also important to stress that the
technique can be useful for any kind of polycrystalline semi-
conductor. We are at this moment exploring the properties of
peroviskite-based system possessing nonohmic features allied
to huge dielectric properties whose nature is far to be totally
understood.?%-3!
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