3 OPEN ACCESS

JOURNAL OF ADVANCED DIELECTRICS
Vol. 13, No. 4 (2023) 2341002 (8 pages)

© The Author(s)

DOI: 10.1142/S2010135X23410023

) FERAAY

XI'AN JIAOTONG UNIVERSITY

\\:e World Scientific

www.worldscientific.com

High-accuracy characterization of pyroelectric materials:
A noncontact method based on surface potential measurements

Reinhard Schwddiauer”, Simona Bauer-Gogonea and Martin Kaltenbrunner
Soft Matter Physics, Johannes Kepler University, Altenbergerstrafie 69, 4040 Linz, Austria

“reinhard.schwoediauer @jku.at

Volodymyr Tkachenko and Simonetta Grilli
Institute of Applied Sciences & Intelligent Systems, National Research Council (CNR-ISASI)
Via Campi Flegrei 34, 80078 Pozzuoli (NA), Italy

Received 26 September 2022; Revised 25 November 2022; Accepted 7 February 2023; Published 6 May 2023

The characterization of pyroelectric materials is essential for the design of pyroelectric-based devices. Pyroelectric current mea-
surement is the commonly employed method, but can be complex and requires surface electrodes. Here, we present noncontact
electrostatic voltmeter measurements as a simple but highly accurate alternative, by assessing thermally-induced pyroelectric
surface potential variations. We introduce a refined model that relates the surface potential variations to both the pyroelectric
coefficient and the characteristic figure of merit (FOM) and test the model with square-shaped samples made from PVDF,
LiNbO; and LiTaOs. The characteristic pyroelectric coefficient for PVDF, LiNbO; and LiTaO; was found to be 33.4, 59.9 and
208.4 C m2 K-, respectively. These values are in perfect agreement with literature values, and they differ by less than 2.5% from

values that we have obtained with standard pyroelectric current measurements for comparison.
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1. Introduction

Pyroelectricity is the temporal temperature gradient
response of the spontaneous polarization in pyroelectric
materials.! Such pyroelectric materials constitute a special
class of functional materials, which are widely used in infra-
red detection and imaging,>> for thermal waste heat har-
vesting,%7 X-ray generation,®® electron emission,'® neutron
generation!"'2 and possible nuclear fusion experiments,'
as well as for pyroelectro-hydrodynamic micro droplet dis-
pensing.'*!> The diversity of possible application is sup-
ported by the diversity of pyroelectric crystals, ceramics
or polymer foils and thin films.'®!7 Altogether, they span a
remarkable large range of different mechanical, electrical
and thermal properties.

The characteristic property of all pyroelectrics is the pyro-
electric coefficient, p = dP/dT, describing the change of the
spontaneous polarization P, due to a change in temperature
T. The pyroelectric coefficient can be assessed in various
ways. A literature review'8 published in 2017, identified 19
different techniques based on electrical, optical, thermal or
radiative measured quantities. Irrespective of the variety of
techniques, the accurate determination of p requires great
care regarding the experimental method and the analysis of
the measured data. By comparison, a fairly limited experi-
mental effort is associated with electrical techniques which

*Corresponding author.

primarily use an electrometer to measure voltage, charge,
or current. Such measurements, however, need electrodes
which in some cases require considerable effort to manufac-
ture. Especially in the case of already polarized, temperature-
sensitive pyroelectrics with low Curie temperature (PVDEF,
BaTiO;, etc.), conventional electrode coating by physical
vapor deposition is problematic, as the polarization decreases
due to the thermal stress.

An interesting but rarely used alternative to electrometer
measurements is a contactless voltage measurement with an
electrostatic voltmeter. A contactless measurement allows for
a surface mapping of a pyroelectric, wherever pyroelectric
materials shall be used without surface electrodes in order to
generate a high external electric field strength. Schein et al.!”
first published measurements with an electrostatic voltmeter
on LiNbO; crystals to observe optical damage via the associ-
ated effect of electrostatic charge separation. Two subsequent
papers?%?! further demonstrated the use of an electrostatic
voltmeter to determine the secondary and tertiary pyroelectric
coefficient of partially clamped LiNbO; crystals. The second-
ary coefficient is associated with the deformation of the mate-
rial, while the tertiary coefficient is related to the temperature
gradient within the specimen. The primary pyroelectric coef-
ficient has to be determined under the condition of constant
strain, which is most difficult to achieve experimentally. In
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contrast, measurements under the condition of constant stress
are easy to perform. For unstrained samples, the measure-
ments therefore predominantly yield an effective pyroelec-
tric coefficient (the sum of primary, secondary and tertiary
effects). From a practical point of view, it is often sufficient to
characterize and to compare the effective pyroelectric coeffi-
cient of different unknown samples.

In this work, we introduce a method for a noncontact
high-accuracy assessment of the effective pyroelectric
coefficient with an electrostatic voltmeter. For this pur-
pose, we extend the investigation of Schein et al. with an
improved model calculation considering the specific finite
circular and square geometry of the pyroelectric sample.
We present high-accuracy electrostatic voltmeter measure-
ments and relate the surface potential variations to import-
ant metrics like the voltage figure of merit (FOM) and the
effective pyroelectric coefficient. The contactless tech-
nique necessitates no surface electrodes and careful guard-
ing measures to prevent leakage currents can be omitted.
Therefore, the presented technique shows particular advan-
tages over its alternatives. The improved model developed
for a circular or a quadratic thin pyroelectric plate directly
yields the voltage FOM, F, = p/=. The only required param-
eters are the two easily accessible geometric quantities for
thickness and surface area. The experimental input data
consists of temperature difference and the corresponding
surface potential difference. We used three different pyro-
electric materials — PVDF, LiNbO; and LiTaO; — all
showing different values for surface area and thickness,
to conduct the transient surface potential measurements
caused by sinusoidal temperature variations. These con-
tactless potential measurements are compared with typical
standard electrometer measurements of the very same sam-
ples with surface electrodes. Additional measurements of
the dielectric permittivity, ¢, allow the comparison between
the voltage FOM and the effective pyroelectric coefficient
for both measurement techniques. The high degree of
agreement proves the model as an excellent approxima-
tion, especially for thin samples with a sufficiently small
thickness-to-area ratio. We further estimate the error of our
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approximation by numerical finite element method (FEM)
calculations.

2. Surface Potential of Thin Pyroelectrics

In general, the fringing field at the edges of a finite pyroelec-
tric plate noticeably affects the overall electric field, and thus
also the associated surface potential. This prevents an exact
description of the surface potential with a closed algebraic
formula. However, a very precise and simple approximation
can be derived for many practical cases if following condi-
tions apply:

(i) The pyroelectric sample has a flat surface with a circular
or quadratic geometry, and the thickness is sufficiently
small compared to the lateral dimension.

(ii) The orientation of the spontaneous polarization is nor-
mal to the flat surface of the pyroelectric sample.

(iii) The polarization of the pyroelectric sample is homoge-
neous throughout the pyroelectric sample volume.

With these conditions, the spontaneous polarization can
be replaced by a constant surface charge density of opposite
polarity for the two sides:

o==xP. (1)

s

2.1. Circular pyroelectric plate

A disk- shaped pyroelectric with radius R, and polarization
Py oriented in positive z-direction carries a positive charge
density o on the circular top surface, as shown in Fig. 1(a).
The electric potential, ¢., along the central z-axis of such a
circular charge distribution is as follows:?>?3

¢c(z)=g( R*+22 - R-[]), @)

where g, denotes the permittivity of vacuum. The super-
position of two opposite surface charges separated by the
thickness s results in the electric potential of a polarized

¢5(z)

9529

©)

The central surface potential of a polarized disk with £ = 1 on a grounded metal platform. (a) The potential of a circular positive

charge density is (b) superimposed with the potential of a similar negative charge density. (c) The placement on a grounded metal base pro-
duces an image charge, which effectively doubles the thickness of the polarized disk.
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disk (Fig. 1(b)) with the permittivity of ¢ = 1. The electric
potential of the polarized disk along the z-axis results in
&p(2) = (2 —5/2) — B (z+ s/2), and the total surface poten-
tial difference yields Ag, (s) = 24, (s/2).

If the disk in Fig. 1(b) is placed on a grounded flat metal
base (Fig. 1(c)), the surface potential changes. The field lines
are forced to normal orientation at the metal surface which
acts like a mirror, both for field lines and charges. This
effectively doubles the separation between the upper sur-
face charge and its image from s to 2s. The opposite surface
charge rests on the metal surface and is essentially canceled
by its adjacent image. Therefore, the central surface potential
is described with &), (25)/2.

These considerations are valid for € = 1. For real pyroelec-
tric disks with £ > 1, the central surface potential difference
can only be determined numerically by FEM. However, an
analytical approximation can be expressed by
- 2@ _ < (R+25-VR+457). (3

2¢ 2¢ee

Agyg

This approximation ignores the continuity conditions for
the electric- and dielectric-displacement fields at the edges.
The values obtained therefore increasingly deviate from
the accurate surface potential as the s/R-ratio increases. In
many practical cases, however, s/R is sufficiently small so
that the error becomes largely negligible. For these cases,
Eq. (3) accurately describes the surface potential measured
by an electrostatic voltmeter with its sensor positioned at the
center above the top surface of a thin pyroelectric disk on a
grounded platform. In the limit of an infinite radius, Eq. (3)
reduces to the generally well-known term Ag, = o s/es,,
used by Schein er al.'® for the calculation of the pyroelectric
coefficient.

The surface potential in Eq. (3) directly relates to the
pyroelectric coefficient via Eq. (1). A simple algebraic rear-
rangement yields the following:

2¢ee, Ay
p= .
R+2s—+R? +4s> AT

“

This expression links the voltage FOM, F, = p/e, to a sim-
ple contactless measurement of the temperature-dependent
surface potential. The purely geometric proportionality fac-
tor is directly accessible. Additional material parameters are
not required.

2.2. Quadratic pyroelectric plate

In complete analogy to the discussion above, we extend
the model in Eq. (3) to a thin quadratic pyroelectric plate.
However, the final algebraic expression is considerably more
complicated. As outlined in the appendix, a quadratic charge
distribution with finite side length a produces a potential
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along the symmetry line which is described by

o 2z %+22
%o (z): - zarccota—z+...

TEy <
a 2
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a

)

2
...ta arctanh\/f —arctanh
2

Compared to Eq. (2), Eq. (5) is more complex and diffi-
cult to handle. However, the numerical difference is almost
insignificant, if the areas > and 7R? are sufficiently simi-
lar in size, i.e., if a/R ~ \/; =1.7725. In particular, the error
1= ¢ (2)/¢y(2) can be empirically reduced to a minimal value
of <0.007% for a value of a/R = 1.799, which is about 1.5%
larger than /7. This theoretical result proves important for
the experimental design, since quadratic samples can be eas-
ily prepared by cutting. In practical applications, measure-
ments are therefore performed on samples with a quadratic
geometry more often than on circular-shaped samples.

2.3. FEM error calculation

The approximated surface potential Agg in Eq. (3) deviates
from the accurate surface potential value of a quadratic plate,
Aypg, which can be calculated only numerically by FEM.
With these results, the error of Ag, is expressed by

Ag

err, =1——3-. 6
’ v (6)

The plot of err, versus permittivity is depicted in Fig. 2 for
different values of the dimensionless parameter s/a.

The data reveal a functional relationship, which can be
reasonably well described by the empirical fit function:

1 0.9 s
err, = 0.89(1——) - (N
£ a
1005 T T T T T
3 s/2=0.2
Z("’r o 0.1
10—157{9”9* 0.05
e | . 0.02 _
@ i 0.01
10‘2.—? 0.005__|
: 0.0025
-3 ﬁ . | . 1 . L . 1
109 10 20 30 40 50

permittivity €

Fig. 2. Modeling of a quadratic pyroelectric plate. Data points
display the error between the approximated surface potential Ag,,
according to Eq. (3), and the FEM calculated surface potential value
Aypg. The solid lines represent an empiric fit according to Eq. (7).
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shown in Fig. 2 as solid lines. The agreement of this fit func-
tion with the calculated error data is best for small s/a-ratios
and starts to deviate noticeable for s/a > 0.2. An error below
10% can be expected for s/a- ratios below 1/9. The actual
experimental error, however, may deviate from the estimation
significantly since the edges of a real pyroelectric sample are
often far from a perfect vertical boundary. Small cracks, tiny
broken-out splinters and other edge-defects can affect the
surface potential and produce additional errors for which Eq.
(7) does not account for. Due to these issues, Eq. (7) not nec-
essarily improves the accuracy of Eq. (3) any further.

3. Experimental

Experimental measurements with an electrostatic voltmeter,
and comparative measurements with an electrometer were
performed on quadratic pyroelectric samples with different
s/a ratios. For the experiments we prepared samples made
from PVDF (s =120 um, a =10 and 20 mm, respectively),
LiNbO; (s = 0.5 mm, a = 20 mm), and LiTaO; (s = 0.52
mm, a = 10 mm). We coated one side of every sample sur-
face with conductive silver paste in order to define an equi-
potential reference surface. This conductive layer also was
in electrical contact to a thin copper wire placed close to a
sample edge. As illustrated in Fig. 3(a), we softly attached the
previously coated sample surface with a thermal conduction
paste to a 1 mm thick aluminum support, which was further
adhered to a Peltier Module. The aluminum support exposes
and raises the copper wire contact from the supporting sur-
face of the Peltier Module and thus allows for a planar align-
ment. We covered the upper surface of the Peltier Module
with a thin copper tape that both serves as an extended
equipotential reference surface, and additionally shields the
measurement zone from possible signal noise induced by the
module below. Altogether, the Peltier Module with the sam-
ple is located in a closed electrically grounded metal hous-
ing with electrical feedthroughs, as depicted in Fig. 3(b). For
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the contactless voltage measurements with a Monroe 244A
Isoprobe Electrostatic Voltmeter, we connected the equipo-
tential surfaces to common ground and positioned the sens-
ing Kelvin probe ca. 0.5 mm above the electrode-free sample
surface.

For the comparative electrometer measurements with a
Keithley 6514 System Electrometer, we modified the setup
slightly according to Fig. 3(c). We further equipped the
sample surface with a silver paste electrode by means of a
quadratic shadow mask. This top electrode, connected to
HI-input of the electrometer, was ca. 20% smaller than the
full sample surface area. The bottom silver paste layer was
connected to the LO-input with a zero-potential reference to
common ground.

In both experimental arrangements, the Peltier Module
was driven with a custom-made power supply, providing a
constant harmonically oscillating driving voltage with a fre-
quency of 5 mHz. This produces a sinusoidal temperature
variation of about +1.5°C with respect to room temperature.
A fan and a heat sink ensured that the thermal equilibrium is
maintained at room temperature. We sensed the actual tem-
perature of the sample with a type-K fine gauge thermocou-
ple with 0.003”” conductors, attached via a tiny drop of silver
paste near a corner of the upper sample surface. The tempera-
ture was passively measured with a Eurotherm 902 controller.

4. Results and Discussion

A complete set of measured and calculated data for the
LiNbO; sample is presented with the diagrams in Fig. 4. For
reference purpose, we first studied the pyroelectric current
with electrometer measurements. Figure 4(a) shows the time
course of the pyroelectric current over three cycles with a
peak value of ca. I, = 610 pA. This current, related to an
electrode area of A = (15.5 mm)?, is caused by the sinusoi-
dal temperature variation centered at 24° C with a frequency
f=15 mHz and an amplitude 7, = 1.3°C.

Computer

Computer

Thermo-
couple

Cu-
Guard

Peltier-Element

Silver ¢
Paste GND=
Wire
e Thermal
Peltier-Element Paste < s < S
Fan Fan
(@) (b) (©

Fig. 3.

(a) Ilustration of the pyroelectric sample arrangement, (b) experimental setup for contactless measurements with an electrostatic

voltmeter and (c) for comparative current measurements with an electrometer.
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Fig. 4. Measured and calculated data set for the LiNbO; sample. (a) The pyroelectric current (solid line) due to the harmonic temperature
variation (scattered data points), yields (b) a pyroelectric coefficient of 60.1 + 0.12 uC m= K-, (¢) The surface potential (solid line), caused
by the harmonic temperature variation (scattered data points), yields (d) a voltage figure of merit of 1.91 + 0.01 xC m=2 K- (e) With the
measured permittivity of 31.3 + 0.1, a mean pyroelectric coefficient (f) of 59.9 C m=2 K~! is obtained. The deviation between the mean values

in (b) and (f) amounts to only 0.3%.

With these values, we obtain the pyroelectric coefficient
for every cycle!®

IP

ST, ®)

p
The calculated values of 154 cycles are displayed in
Fig. 4(b) as scattered data points around a mean value of p =
60.09 uC m~2 K-! (dashed line) with a standard deviation of
0.12 uC m=2 K-!. This value agrees almost perfectly with
declared precision measurements of an undoped LiNbO,
crystal,* and it is well in the range between 40 and 96 C
m~2K-! as reported in the literature.>7?>

In order to test our model, we perform surface potential
tests shown in Fig. 4(c). Again, the sample is subjected to
a 5 mHz sinusoidal temperature variation of 7, =~ 2°C, cen-
tered around 24.8°C. The related surface potential difference
of Agg =207 V is centered at about =225 V. This shift can be
attributed to a slightly positive temperature difference before
and after mounting the LiNbO, sample.

With the ratio Agg/AT from Fig. 4(c), and the geometric
parameters sample thickness, s = 0.5 mm, and side length,
a =20 mm, we calculate the voltage FOM from Eq. (4) and
display the data as scattered data points in Fig. 4(d). The
mean voltage FOM from 151 consecutive temperature cycles
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is F, ={pley=1.91 pC m=2K-! (dashed line) with a standard
deviation of +0.01 xC m=2K-". In order to determine the pyro-
electric coefficient from the FOM data, the permittivity of the
sample has to be known. Respective data in the literature are
available mostly for higher frequencies like 100 Hz or 1 kHz,
therefore we measured the permittivity values of our samples
for the experimental frequency of 5 mHz with a Novocontrol
Alpha-A Impedance Analyzer. Impedance measurements of
pyroelectrics at such low frequencies require both a sufficient
temperature stability and little electromagnetic interference.
Thus, measurements during the night time can significantly
reduce statistical scatter of measured permittivity values. This
is evident in Fig. 4(e) where the data of the first 10 h measure-
ment during the night time shows a significantly smaller devi-
ation from the mean permittivity value of (¢) = 31.3 (dashed
line). Both {¢) and the standard deviation of about 0.1 include
all 100 data points that were recorded during the full 28 h of
testing. With the measurement of the low-frequency dielec-
tric constant, it is now possible to represent the voltage FOM
data as measured values for the pyroelectric coefficient. The
respective scattered data points are graphed in the diagram
of Fig. 4(f) showing a mean value of {p) = 59.9 uC m2K-!
(dashed line) with a standard deviation of 0.18 uC m=2K-'.
This result deviates from the standard pyroelectric current
measurements by just 0.3%. This small error is well within
the experimental accuracy. The error margin between the dif-
ferent methods of measurement is equally small also for the
other three samples.

The bar chart in Fig. 5 shows the pyroelectric coefficients
for all four samples and compares the respective results from
the standard current measurement, represented by the left,
dotted bars, and from the surface potential measurement, rep-
resented by the right, hatched bars.

Table 1 includes a more detailed presentation of the mea-
surement results for all samples. The pyroelectric coefficients

10°
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©
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Fig.5. Pyroelectric coefficient for different materials obtained with
standard current measurements (left, dotted bar) and with surface
potential measurements (right, hatched bar). The numbers above the
bars represent the standard deviations of the respective data.
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Table 1. List of parameters, measured data, calculated mean
values and standard deviations for the four pyroelectric samples
under investigation. The list includes the parameters for side length,
a and sample thickness, s, permittivity, ¢, the mean temperature and
temperature amplitude, 7; + 7,, for the current measurement, the
peak current, /,, the mean temperature and temperature amplitude,
T,= T, for the surface potential measurement, the surface potential
difference A¢,, the voltage FOM F, the pyroelectric coefficient,
p;, obtained from standard current measurements, the pyroelectric
coefficient, p,, obtained from surface potential measurements, and
the error between the two coefficients.

Polymer Crystals

Parameters PVDF PVDF LiNbO; LiTaO,
a (mm) 20 10 20 10
s (um) 120 120 500 521
T,+T,(°C) 23.17+1.4  23.67x1.4  24.07+1.33 24.77+3.2
I, (pA) 126.63+£2.87 71.20+2.85 610.36+24.78 1028.3+5.91
To+T,(°C) 2326+1.2  24.22+1.3 24.78+1.0 24.41x1.5

Agg (V) 70.0+0.4 76.2+0.3 206.6+1.1 320.4+2.2
F, (uCm72K-")  2.18x0.01  2.21x0.01 1.91+0.01 4.04
€ 13.34+0.1 15.13+0.1 31.26+0.1 53.10£1.7
pé (uC m2K-1)  29.02+0.14  33.40£0.12  59.91x0.18  208.4+3.69
p; (uC m2K-h)  28.81x0.07  33.11x0.18  60.09£0.12  203.6+2.07
1 - pdlp, —0.007 —0.009 0.003 —-0.024

obtained from standard current measurements, p;, are denoted
in the second-last line as mean values and standard devia-
tions. Similar to LiNbO;, there is a good agreement with lit-
erature values for PVDF (24-33 C m—2K~")%2627 and LiTaO,
(176-230 pC m=2K-1).4328 Also included are the pyroelectric
coefficients obtained from the surface potential measure-
ments p,. The last line in Table 1 shows the error between
both measurement results. The largest error of about 2.5% is
found for the LiTaO5 sample, which has the largest s/a ratio.
This error is nevertheless reasonably small for most practical
applications.

5. Conclusion

We have demonstrated that characteristic voltage FOM
values for pyroelectrics can be obtained directly and with
high accuracy from contactless surface potential measure-
ments using an electrostatic voltmeter. Such measurements
require little experimental effort; they act like an ideal mea-
surement with an infinitely high input resistance and with a
complete absence of any leakage currents. Careful guarding
and shielding measures are not required. The voltage signal
is easily accessible in a region between 10 and several 100
volts. We introduced and tested a model that relates the sur-
face potential data to both the pyroelectric coefficient and the
characteristic FOM. If the sample permittivity is known, the
pyroelectric coefficient can be determined from the voltage
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FOM, with an accuracy that is comparable to standard cur-
rent measurements.

In reverse, if the pyroelectric coefficient is known, the
introduced method can be used to evaluate the low-frequency
permittivity, which is tedious to measure. The suggested
approach works for flat, circular and quadratic samples with a
homogeneous polarization normal to the surface, and a thick-
ness-to-diameter ratio <1/10.
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Appendix A. Central Field and Potential of a
Quadratic Pyroelectric Plate

The central electric field of a quadratic plate of side length a,
with a positive charge density o, is schematically depicted in
Fig. A.1. A differential charge element, dQ = odxdy at posi-
tion 7, causes at position 7= Zéz a differential field strength

o z dxd
dE, = S (A1)
4me (x2 +y2 +Z2)
Integration yields:
2z+]a%/2 + 72
E, (z) = Larccot _ (A.2)

7o a2

Since the electric field and the potential along the z-axis
are related by E, = —dg,(z)/dz, one obtains the following
expression:

2 ()=~ E.(c)a¢

(A.3)

2z,[%+z2
—_—
a

2

a
= ———| z arccot
77'50

a
2

...t+a arctanh\/E —arctanh

Fig. A.1. Electric field calculation of a quadratic plate with posi-
tive surface charge density.
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