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Pyroelectric and dielectric bolometer properties
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The pyroelectric and dielectric bolometer properties of Sr modified BaTiO3; ceramics were
investigated for thermal IR detector applications. The (Ba_, Sry)TiO3 solid solution
ceramics have been prepared by adding 10-40 at % SrTiO3 to BaTiOs and with different
sintering conditions and under dc fields. The relationships of processing parameters,
microstructures, dielectric/pyroelectric properties and dc fields are discussed. And the
“figures of merit” are compared between pyroelectric-type and dielectric bolometer-type IR
sensors based on the experimental results. © 7999 Kluwer Academic Publishers

1. Introduction high dielectric permittivity [2]. As reported [3, 4], high
High performance and inexpensive infrared sensors argolarisation is desirable since it often facilitates a sub-
required for various applications at near ambient temstantial change with temperature, particularly at near
perature such as thermal detection and object imagind-urie temperature. A high dielectric constant is also
There are two modes for infrared detection. The first oneuseful in many imaging applications because it controls
is the conventional pyroelectric mode of IR detection,the impedance matching of the target element to the
utilising the falling spontaneous polarisation. Above read-outamplifier. As for the pyroelectric and dielectric
the phase transition, however, there is no spontaneoumlometer mode applications, the family of ferroelec-
polarisation and hence no pyroelectric effect. Thistric materials that have the best properties is perovskite
mode operates at a temperature sufficiently below theeramics.

ferroelectric phase transition point to avoid inadvertent In this paper, the effects of mole fraction of SrEiO
depoling that may occur by exceeding Curie temperasintering time and applied dc fields on the electric prop-
ture. However, the maximum pyroelectric effect occurserties of (Ba_xSr,) TiO3 system have been studied. The
near the Curie temperature, and therefore it seems deslifigures of merit” for application of IR thermal sensors
able to operate over a temperature range near the Curweere calculated.

point. So there has been considerable interest in using

ferroelectrics close to their curie temperatures and un-

der an applied bias. This led to the development of th&. Experimental

second mode of pyroelectrics—dielectric bolometer.The compositions of (BaxSK)TiO, ceramics with

It is possible to operate at or above Curie temperaturex =0.1, 0.2, 0.3 and 0.4 are named as BST10, BST20,
with an applied bias field, in the mode of a dielectric BST30 and BST40, respectively. Regent grade BaCO
bolometer. The effect of the applied electric field on theSrCO; and TiQ, were used as starting materials to pre-
dielectric constant in the region of Curie temperature igpare these specimens. The respectively weighed pow-
both to reduce the magnitude of the dielectric constantgers were blended and calcined at 1000for 10 h.
and to flatten and shift the dielectric peak [1]. Becaus€eThe calcined aggregates were again wet milled and
dipoles depend on the voltage for sustaining dipole dicold iso-pressed into disc-shaped samples at a pressure
rection, an applied dc field adds an induced polarisatiomf 200 MPa. The disks were then sintered at 1350

to the spontaneous polarisation and stabilises polarisder 2, 4, 6, 8 and 10 h in air. After sintering, the sam-
tion near the Curie temperature. Most of pyroelectricples were cut from the sintered cylinders and polished
effect occurs when the materials have a perovskitelown to a 1um finish and etched. The diameters and
structure. The non-centrosymmetrical crystal structurghickness of samples were about 1.0 and 0.3 mm, re-
provides an asymmetric environment experienced bgpectively. The surfaces were then silver electroded and
electrically charged species within a unique axis alongpoled by applying a dc field of 20 kV/cm over temper-
which spontaneous polarisation exists. Their highatures ranging from 30 to 8C in a silicone oil bath
polarisability yields large spontaneous polarisation andor 30 min.
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2.1. Microstructural characterisation line splitting is caused by a tetragonal distortion from
The lattice parameters and average grain size werthe cubic perovskite cell. With the addition of SrEO
determined by X-ray diffraction (XRD) and scan- the peak splitting was seen to decrease. The peaks were
ning electron microscopy (SEM), respectively. Thealso moved to the high angle direction with increasing
theoretical density and the tetragonality, which wasaddition of SrTiQ and sintering time. This result in-
defined as the ratio of the lattice constaota, were dicated that the size of unit cell was decreased with
calculated from the least-square unit cell parametergncreasing SrTi@. And with the increasing sintering
The apparent density was obtained following standardime, the diffraction angle were slightly increased ex-
ASTM C373-72. cept for the specimens with 10 h sintering. These results
indicated that the size of unit cell is dependent on the
amount of SrTiQ rather than the sintering time. The
tetragonality ¢/a) decreased with increasing addition
of SrTiOz and sintering time as shown in Table I. These
t{(_esults could be explained by the sinterability and the
effect of the ionic size difference between’Baand
Sr*t. The BaTiQ has a structure of loosely packed

' : : xygen octahedra due to the presence of largé" Ba
and dc field were determined by using the Byer am0|Dons in the perovskite lattice. When the Baons are

Roundy technigue [5] in the temperature range-@o substituted with isovalent ions of smaller size, such

to 120°C. This technique employs a constant tempera: v . g
ture increase T/dt, and the output current is propor- as Sf*, the adjacent oxygen will displace toward the

tional to the pyroelectric coefficients. P-E hysteresisSUbSt'tuents to have a more closely packed structure.

loops were determined with a modified Sawyer-Tower _ _ _ o
circuit. The de-discharging current was measured usingABLE | Tetragonality ¢/a) of Ba, xSt TiO specimens with vari-
a Keithley 485 pA-meter as the temperature varied at gus sintering fime

rate of 4 K/min. The temperature variation of specific Time (h)

heat Cp) was measured with a PL-DSC system.

2.2. Electrical characterisation

The dielectric constantse{) and dielectric loss tan-
gents (tard) with dc bias ranging from 0 to 2.0 kV/cm
were measured using an impedance analyser (Hewle
Packard 4194A) at 1 kHz frequency betweeP0 and
120°C. The pyroelectric coefficientg() under 0 bias

Composition 2 4 6 8 10

3. Results and discussion BST10 10069  1.0065 10060  1.0026  1.0089

P . ST20 1.0056  1.0041  1.0036  1.0017  1.0061
XRD_ results indicate that e_ach_sample has a shifted peﬁ—smo 10042 10033 10027 10009 10047
ovskite structure as shownin Figs 1 and 2. The reflection
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Figure 1 X-ray diffraction patterns of Ba x Sr TiO3 sintered at 1350C for 2 h: (a) BST10, (b) BST20, (c) BST30, and (d) BST40.
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Figure 2 X-ray diffraction patterns for BST20 compounds sintered at T&fbr: (a) 2 h, (b) 4 h, (c) 6 h, (d) 8 h, and (e) 10 h.

SEM analysis for BST specimens revealed that the The apparent and relative density increased with sin-
grain size decreases with increasing Silddditions  tering time up to 8 h, and the maximum value of ap-
and increases with sintering time, as shown in Figs Jarent density was 5.76 to 5.55 (gfmWith sintering
and 4. Abnormal grain growth took place and the dis-time, the variation of relative density was similar to
tribution of grain size was showed bimodal distribu- the variation of uniformity of the grain size. Therefore
tion. With the increasing sintering time, the bimodal density depends on the uniformity of grain size.
distribution was changed to the normal distribution.

So grains became more uniform with increasing sin-

tering time. However, in case of further sintering to 3.1. Dielectric properties

10 h, the number of large grains was reduced. Thigmig. 5 shows the variation of the maximum dielec-
may be caused by the vaporisation of Ba during longric constants ;) at Curie temperatureT¢) for BST
time sintering (10 h). With the addition of SrTiOthe  specimens as a function of the addition of Sr{i@
grain size decreased. The rate of nucleation and the rateol %. It can be seen that at Tc increased up to

of grain growth generally have opposite effect. The fi-30 mol % SrTiQ and then decreased. It is interesting
nal grain size is influenced by the relative values ofthat the low-temperature Curie point materials do not
the rate of nucleatioN and the rate of growtli. If  show the decrease in dielectric constant [8]. These re-
the ratio ofN to G is large, the final grain size will be sults are consistent with Nomuro’s, that a minimum
small. Both rates strongly depend on processing paranactivation energy obtained from dc measurements was
eters such as the composition and temperature [6, 7found at 40% SrTi@ [8]. The Curie temperature de-
So the addition of SrTi@ caused a high nucleation creased with the substitution of’Srfor Ba?+. Thermal
rate with consequent early impingement of abnormahysteresis was also examined and it was found that a
grain growth. Therefore sintering time and the mole3 K delay exist for the maximum dielectric constant
fraction of SrTiQ are important factors for control the between heating and cooling. The Curie temperature
grain size and grain size distribution. During the grainobtained from DSC results was in agreement with the
growth, the pores were captured and the pore size atorresponding values determined from the dielectric
the grain boundaries were increased. With the increasand pyroelectric measurements. The Curie temperature
ing sintering time, the number of pores decreases butas decreased slightly with increasing sintering time.
the size increases. The colour of sintered samples waghe dielectric loss (ta) of BST samples had relatively
yellow except light blue for the specimens after 10 hlow changes versus the composition and sintering time.
sintering. The average grain size was in the range oft was in the range of 0.003-0.005. The dielectric loss
10-35um. increased to about 0.05 after 10 h sintering.
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Figure 3 SEM image of microstructure for BST30 sintered at 136dor: (a) 2 h, (b) 4 h, (c) 6 h, (d) 8 h, and (e) 10 h.

In BST30 specimens under a dc field,at Tc de-  coexistence of the ferroelectric and paraelectric phases
creased with increasing field as shown in Fig. 6. Within the temperature range of diffusion phase transition
the applied voltage, the phase transition temperaturfd]. The diffusion phase transitions in BST ceramics
was increased and the peaks were suppressed andder dc fields may be explained in terms of a stress-
broadened. It can be interpreted by considering thénduced coexistence of cubic, tetragonal, orthorhombic

5364



10um288 kY 1

Figure 4 SEM image of microstructure for Bay Sr, TiO3 sintered at 1350C for 8 h: (a) BST10, (b) BST20, (c) BST30, and (d) BST40.
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Figure 5 Dielectric constant and tangent of loss angle versus mol % ofFigure 6 Dielectric constant versus applied field for various sintering
SITiOz atTe. time at room temperature for BST30 specimens.
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and rhombohedral perovskite phases. Dielectric I0SSABLE 11 Pyroelectric coefficients (nC/chK) of BST30 under dc
was less than 0.001, and it was also slightly suppresseigld
with increasing field.

dc (kvicm)
Time (h) 0O 0.5 1 1.5 2

3.2. Pyroelectric properties
Th " i ¢ P ? larisatidh 2 386.5 587.6 668.7 8854  1826.2

e variations of spontaneous polarisatid®)(as a 426.7 7652 12003 17426 25317
function of temperature of each of samples are showng 495.9 970.3 1954.5 2591.7 3777.4
in Fig. 7. The values oP;s were decreased with addition 8 675.6  1232.8 25045 40461  6017.8
of SrTiOsz and increased with sintering time except 10 h10 3222 8596 10158 16976 20926

sintering, but did not vanish at Curie temperature. By
using the Byer and Roundy technique [6], the pyroelec-

tric current was measured in the temperature range ¢ 800
—20-120°C. This technique is using a constant tem-

. —»—BST10
perature rampl T/dt and the output current is propor- 700 | | _+—BsT20
tional to pyroelectric coefficient;. The main source of —— :g;ﬁg

error with this measurement technique is the deviatior & soo -
from linearity in the temperature ramp. In this measure-g
ment, the maximum deviation is 0.05 K for the ramps
of 4°C/min. The variation of pyroelectric coefficients
(pi) for BST specimens as a function of the increasing
SrTiO; added and sintering time are shown in Fig. 8.
The p; increased with increasing additions of SriO
up to BST30, and then to decrease in BST40. The sin
tering time also has a strong effect. The maximpm
value is obtained afte8 h sintering. The specimen with
the maximum pyroelectric coefficient corresponds tc

500 ~

1

300 | ./*’/ /_,
200 | /v

Pyroelectric coefficient (nC/c

the composition with the minimum tetragonality/ &) 100 -

ratio and normal grain size distribution. As the grain

size distribution becomes normal grain distribution, the 0 T
number of domains increases and the spontaneous p 2 £ 8 8 10
larisation also increases, as shown in Fig. 7. Sintering time (h)

In BST30 CompOSIteS sintered L!nde,r a d,c fleld' theFigure 8 Pyroelectric coefficients versus mol
dependence of induceg on the sintering time and
field are shown in Table II. The value @f increased
with increasing applied field. The maximum was ity, the anisotropic of the unit cell decreases. Therefore,
6.02x 10°% C/cn? after 8 h sintering at 2.0 kV/cm. the 90 domains can reorient more easily with the ap-
These results indicated that with decreasing tetragonaplied field. Thus the samples treated with applied fields
are more efficient in obtaining high pyroelectric co-
efficients. Because dipoles depend on the voltage for
sustaining dipole direction, applied dc field adds an in-

% Srgié Tc.

60 ::i: duced polarisation to the spontaneous polarisation and
—v—:: stabilises polarisation neag.
50 |- |——10h o
T _—:\BST1O 3.3. Pyroelectric characteristics
40 - . ‘Q \ of BST compounds
<« - ' 5 \ It is convenient to define an appropriate “figure of
E, wl - \ \Q\ \ merit” for the particular application of interest [10].
Q '\. \s\\\\ BST20 Three of these figures were defined, calculated as
~ Q\ \E\ N follows:
20 e .
" U\ BST30 ]
NN F=P &
~.\|BsT40 pip
or Pi
F, = 2
= e 2
0r !
Pi
1 1 1 1 L 1 1 Fd = (3)
-20 0 20 40 60 80 100 pCpv/tande

e}
Temperature (°C) These figures can serve as a guide in evaluating py-

Figure 7 The variation of spontaneous polarisation with temperature infOEI€Ctric materials becaus?_ the other factors are re-
BST specimens. lated to the operation conditions such as wavelength,
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Figure 9 The variation of “figures of merit” with sintering time for Bay Sr TiO3 specimens: (a, (b) F,, and (c)Fq.

frequency band and amplifier parameters. The effectsintering time has very strong effects on the “figures of
of SrTiOz additions in BST and the sintering time on merit”.

these “figures of merit” were calculated and presented The “figures of merit” for BST30 under dc fields
in Fig. 9. As shown in these figures, the estimated valwas also calculated and shown in Fig. 10. The values
ues of the “figures of merit” decreased after sinteringof the “figures of merit” were increased and broadened
for 10 h. The value oF4 decreased stiffly after sintering slightly as the applied voltage increased, reaching a
10 h, due to the increasing dielectric loss. The valuesnaximum value afte8 h of sintering. The values of

of the “figures of merit” increased as the addition of the “figures of merit” increased with sintering time up
SrCG; increased, however there was a decreasing ito 8 h, and then decreased after 10 h of sintering be-
the BST40 composites. In spite of the low pyroelectriccause there was a contribution to the tangent loss from
coefficients, the “figures of merit” values of BST40 are the domain wall movement. That was caused by the
slightly better compared to BST10 and BST20 com-increases of tangent loss after 10 h sintering. Contrary
posites. The reasons for these relatively high valueto the case with zero applied voltage, the peak val-
for the BST40 composites are that they have a loweues of the “figures-of merit” with various applied volt-
density and heat capacity. These results indicate thatges increased with increasing applied voltage. This is
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Figure 10 The variation of “figures of merit” with sintering time under dc field for BST30 specimeng;(dp) F,, and (c)Fq.

caused by the fact that both the dielectric constant anthat the maximum pyroelectric coefficient corresponds
the dielectric loss decreased with increasing appliedo the uniform grain size and minimuga ratio.

voltage. Furthermore, the peak value of the pyroelec-

tric coefficient is strongly influenced by the applied
voltage. Acknowledgements
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