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ABSTRACT

Exploring and revealing the influence of the pyroelectric thin film array element size on its structure and pyroelectric performance is crucial
for designing integrated pyroelectric infrared detectors. In this work, the transverse size effect on the piezoelectric, dielectric, and especially
the pyroelectric properties for a new-generation relaxor ferroelectric material Pb(In;,,Nb;,,)O3-Pb(Mg;,3Nb,/3)O3-PbTiO; (PIMNT) was
studied by a finite element method. The lateral size-dependent piezoelectric and dielectric properties of the PIMNT thin film indicated that
with the decrease in the transverse size, the piezoelectric constant ds; and relative dielectric constant ¢, increased substantially. The piezoelec-
tric constant ds; and relative dielectric constant &, along (001) and (011) orientation increased faster than those along (111). A critical aspect
ratio (in this paper, it was defined as radius/thickness) was found around 1:1 for three directions. We further discovered that the pyroelectric
coefficient for PIMNT thin film along the (111) direction (the best crystallographic orientation for pyroelectric performance) decreased from
8.5 x 10 *10 8.0 x 10~* C/(m*K) with the aspect ratio down to 0.01. The variation of the piezoelectric, dielectric, and pyroelectric properties
originated from the declamping of the PIMNT thin film from the substrate. This finding gives insight into the transverse size effect on the
electrical properties of new-generation relaxor PIMNT thin film and provides a guidance for designing high-performance infrared array
detectors.
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In recent years, pyroelectric uncooled infrared detectors have
attracted much attention because of their distinguished advantages
of small-size, wide spectrum response, and low power consumption.
How to design and develop new materials or structures with high
pyroelectric coefficient is critical to promote the device perfor-
mance.' " The discovery of binary relaxor ferroelectric single crystal
Pb(Mg;/3Nb,/3)O;3-PbTiO; (PMNT) with high pyroelectric coeffi-
cient, high detection merit, and low thermal diffusion coefficient
substantially improved the performance of infrared detectors.”
Correspondingly, the relaxor ferroelectric PMNT in the thin-film
form attracted great attention, which was more favorable for inte-
grated pyroelectric applications.” '" However, the binary PMNT

with the composition around the morphotropic phase boundary has
low ferroelectric rhombohedral to tetragonal phase transition tem-
perature (only 70-80°C), limiting its practical application.''
Therefore, it is necessary to further increase the phase transition
temperature to obtain better temperature stability.'' Recently, the
new-generation pyroelectric single crystals Pb(In;;;Nb;,,)O;-
Pb(Mg;3Nb,/3)05-PbTiO; (PIMNT) and Mn-doped PIMNT
were found to simultaneously possess high pyroelectric coefficient
(p~10x10"* C/m>K) and wider working temperature range
(—100°C to 110°C) compared to binary PMNT single crystals.'”"”
High-performance pyroelectric detectors based on PIMNT single
crystals with enhanced signal stability were reported.”* Therefore,
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FIG. 1. Schematic diagram of cylindrical
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the corresponding thin film counterparts attracted great attention.
Ternary relaxor PIMNT thin films with high ferroelectric polarization
and high pyroelectric coefficient have also recently been reported.”” '

With the rapid development of infrared detection array technol-
ogy, miniaturization, integration, and high pixel count have become
the development trend of uncooled infrared detectors. The lateral size
effect on the pyroelectric element for the array detector plays an
important role. Previous studies on the lateral scaling effect in the
binary PMNT film indicated that with the width-thickness ratio
decreasing, there was an increase in the dielectric constant and ferro-
electric polarization, reflecting the variation in the domain wall mobil-
ity and intrinsic response in laterally declamped PMNT.'"** The
effective piezoelectric constant increased from 40 to 50 to 160 pm/V at
free sidewall under 200kV/cm excitation.”””" These limited studies
were focused on binary PMNT and its piezoelectric and dielectric
performance. Up to the present, the lateral scaling effect on new-
generation PIMNT has not been reported. In addition to the piezoelec-
tric and dielectric response, the pyroelectric response, which was
influenced by the secondary piezoelectric effect, may also change with
the lateral size decreasing. As a result, it is quite necessary to obtain the
lateral scaling effect on the pyroelectric response in PIMNT, so as to
guide its application in pyroelectric array detectors. Therefore, in this
work, a three dimensional (3D) model was built, and the piezoelectric,
dielectric, and pyroelectric properties were analyzed by the finite ele-
ment method. The new-generation ternary relaxor ferroelectric
PIMNT system was focused. The transverse size effect on the dielec-
tric, piezoelectric, and especially the pyroelectric properties of PIMNT
was investigated and the mechanism was discussed.

When studying the influence of different orientations on the elec-
trical properties of PIMNT thin film array with a transverse size effect,
the cylindrical shape was taken as an example in this work and the
thickness was kept constant while the radius decreased, as shown in
Fig. 1. Three-dimensional finite element modeling (FEM) was carried
out by commercial software COMSOL, and multiple physical fields
simulation was performed by the combination of the built-in piezo-
electric effect coupling module, solid mechanics, and electrostatic
boundary conditions.

Figure 2(a) shows the 3D FEM model used for piezoelectric and
pyroelectric simulation, which was composed of the upper gold elec-
trode layer and the lower piezoelectric layer. The film thickness was set
to 1 um. The bottom surface of the piezoelectric layer was fixed and
restrained as the terminal with 1 V. The upper surface of the piezoelec-
tric layer was grounded. According to the piezoelectricity, deformation
will be induced when subjected to an external electric field and ds; was
calculated from the inverse piezoelectric effect,””

08

dj ==,
OE,

(1)

where d is the piezoelectric coefficient, S is the strain of the piezoelec-
tric layer, and E is the applied electric field. The strain and electric field

in formula (1) can be derived from the induced displacement and the
voltage applied.

Regarding the lateral size effect on the pyroelectric properties, the
PIMNT is a ferroelectric and has both pyroelectric and piezoelectric
response. It is known that the pyroelectric coefficient of the material
under constant stress is mainly composed of the primary pyroelectric
coefficient (under complete clamping condition) and the secondary
pyroelectric effect caused by the piezoelectric effect,”

Py =P} + e = pl + o, @
where p* is the pyroelectric coefficient under the stress-free condition,
p" is the intrinsic pyroelectric coefficient under complete clamping
condition, e is the piezoelectric pressure constant, d is the piezoelectric
strain constant, ¢ is the elastic stiffness constant, and o is the thermal
expansion coefficient. In practical application, thin film materials are
generally partially clamped. At the moment, the pyroelectric coeffi-
cient is composed of the superposition of the primary pyroelectric
coefficient and the secondary pyroelectric effect (caused by deforma-
tion due to thermal expansion and polarization change through piezo-
electric effect under partial clamping),

P =pi e =p} +dj G, 3)
where p*'is the pyroelectric coefficient under partial clamping and the
¢ and d' are the clamped piezoelectric pressure constant and strain
constant, respectively. Thus, the pyroelectric coefficient under partial
clamping can be obtained through the combination of (2) and (3),

X =pf+ dg/cﬁocf - dgcﬁaf (4)

The variation of the piezoelectric strain constant d under different
clamping conditions was used to calculate the secondary pyroelectric
coefficient during decreasing of the aspect ratio (in this paper, it was
defined as radius/thickness).

Figure 2(b) shows the dielectric model, which was composed of
the outer air domain and the inner piezoelectric layer. Considering the
capacitance effect by the air coupling and its edge field, the computation

(a) (b) M rivnT
Aii I:] Air

M rivinT

L

o

FIG. 2. Schematic diagram of 3D FEM model (a) for piezoelectric and pyroelectric
simulation and (b) for dielectric property simulation.
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TABLE I. Material constants of PIMNT single crystal utilized along the (001), (011), and (111) directions (Refs. 24-27).
Material constants (001)*” (011)°° (111)***7
[C1(10"N/m*)  [122 113108 0 0 0] [21.451501 801 0 0 0 | [209 646 829 266 0 0 |
11.3 122 108 0 0 0 1501 17.37 1410 0 0 0O 829 2096 6.46 —266 0 0
108 10.8 112 0 0 0 8.0l 1410 1526 0 0 0 6.46 6.46 17.65 0 0 0
0 0 0 69 0 0 0 0 0 637 0 0 266 —266 0 210 0 0
0 0 0 0 69 0 0 0 0 048 0 0 0 0 0 2.10 2.66
0 0 0 0 0 62 0 0 0 0 456 0 0 0 0 266 6.33
[e] (C/m?) 0 0 0 0 160 [0 0 0 0 16.10 0] 0 0 0 0 18.78 —6.48
0 0 0 16 0 0 0 0 0 1032 0 0 —6.48 648 0 1878 0 0
—27 =27 186 0 0 0 |1.44 —5.50 1647 0 0 0] |-519 —519 872 0 0 0
(%] 4736 0 0 713 0 0 870 0 0
0 4736 0 0 1294 0 0 870 0
0 0 659 0 0 597 0 0 601
p (kg/m?) 8198 8185 8102
[o1] (10° K) \ \ 1
[o5] (10° K) \ \ -2

domain used to simulate the edge field must be large enough (much
larger than the size of the capacitor) to achieve accurate simulation.
Therefore, the lower surface of the piezoelectric layer was set to be fixed
and grounded. The outer surface of the air zone was set as 0 V suspen-
sion potential. By using the relationship between capacitance and dielec-
tric constant, the capacitance values under different transverse size can
be obtained by simulation, and the relative permittivity can be obtained,

Cxt
& =
T 80A7

5)

where C is the capacitance value of the element, ¢ is the vacuum
dielectric constant, ¢, is the relative permittivity, A is the electrode
area, and t is the element thickness.

In the present work, the material parameters of the PIMNT ferro-
electric single crystal were utilized. The unpoled PIMNT studied in
this work was located in the rhombohedral phase region with 3m

1800

crystal symmetry at room temperature.”* *” After the crystal was poled
along (001), (110), and (111) directions, macroscopic symmetries
4mm, mm2, and 3m formed, respectively.”* >’ The parameters used in
our simulation were summarized in Table I.

By analysis of the 3D FEM model, the electric potential, stress,
and displacement were obtained. The variation in the piezoelectric
constant ds3 was obtained from the surface displacement of the cross
section for three different orientations of (001), (011), and (111). As
shown in Fig. 3, when the transverse dimension of the element was
100 um, the piezoelectric constant ds; of (001) and (011) orientations
was less than 300 pm/V and that of (111) orientation was less than
50 pm/V. With the decrease in aspect ratio from 100:1 to 10:1, the pie-
zoelectric response of three directions first increased slowly from Fig.
3. When the aspect ratio further decreased, a sharp increase could be
detected for the element along three directions. The piezoelectric con-
stants of (001) and (011)-oriented PIMNT were higher than that of

1800
s (a) (b) Bhy (@
1s00f 3 o PIMNT<001> 1500 s PIMNT<011> + PIMNT<111>
. 70} °
o 1200 ~ 1200 —~ . )
2 . z ° 65}k " N
g sl 1 E g0} i
£ oop £ oo 2 . LA
2 ° - i ~ 60} <
< & 3 -
600 | = 600 < \
: ssp ; =
300 F ° i 300} 3 s Aspect-Ratio
® * . o e . . . . 50 * » ®
o= F A ; ; : ol_u ; i : " K . . ; i ‘ ;
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Aspect-Ratio

Aspect-Ratio

Aspect-Ratio

FIG. 3. The influence of the aspect ratio on the piezoelectric constant of PIMNT with different orientations of (a) (001), (b) (011), and (c) (111).
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FIG. 4. 3D displacement shape of PIMNT
array element with decreasing aspect ratio
(shown in the left corner) along (a) (001),
(b) (011), and (c) (111) directions.

& »

(111) due to the formation of the engineered domain configurations.
Under the aspect ratio of 0.01:1, the piezoelectric constant ds; along
(001) direction reached 1539 pm/V, close to the ds; value of (001)-
oriented free PIMNT single crystal.

Figure 4(a) shows the 3D displacement shape of the PIMNT
array element with decreasing aspect ratio along the (001) oriented
PIMNT film. When the aspect ratio of the array element was 10:1, the
film exhibited the highest piezoelectric response near the edge along
the orthogonal directions of the in-plane x axis and the y axis. When
the aspect ratio of the array element reached 1:1, an outer ring-shaped
protuberance was formed. With the aspect ratio further decreasing to
0.8:1, the inner concave “basin” phenomenon appeared. The near-
edge position was no longer the peak response area of the displace-
ment and the center position exhibited maximum displacement.
Figure 4(b) shows the case for (011) orientation. The piezoelectric
response increased obviously when the aspect ratio reached 1:1.
Different from (001), the cylindrical film element with (011) orien-
tation formed a half “Rugby” shape displacement morphology. The
critical point of displacement response along (011) orientation was

around 0.6:1. The two near-edge positions with the highest piezo-
electric response turned to gather along the long axis of “Rugby.”
Figure 4(c) shows the results of PIMNT along (111) spontaneous
polarization direction. Different from the (001) and (011) orienta-
tions, the overall piezoelectric response along (111) was relatively
small. When the aspect ratio of the array element was 10:1, the near-
edge area exhibited the maximum deformation. When the aspect
ratio decreased to 1:1, the response of the surface tended to be more
uniform. When the aspect ratio reached 0.6:1, the boundary
response further weakened and the intermediate area also exhibited
the maximum displacement.

Based on the analysis of the 3D displacement diagram, the dis-
placement along the radius from the center of the element to the edge
position was further calculated. Figure 5 shows the distribution of calcu-
lated piezoelectric constant ds3 at each point along the radial direction.
The ds; of the element with radius R ranging from 100 to 0.05 um was
illustrated. It can be found that the ds3 variation trend is consistent with
the 3D displacement diagram for the three representative crystallo-
graphic directions (001), (011), and (111). From Fig. 5(a), for (001)

(@) ..r (b) ()
PIMNT<001> 1200 b PIMNT<011> 8s b PIMNT<I111>
[r—
1400 ——— —
1000 |- SO
1200 x ﬁ x 7 &
Z 1000 2 oL 2 70 b
£ £ £
& w g w g «f
= 2 N
= oo} N < wf
ss
400 b
J J mr / j J J M 50 J I
200 1 ‘ ) e
1 1 b T 1 0 03 A 1 0! 45 0 1 03 ‘)
1 10 100 0.1 1 10 100 0.01 o1 1 10 100

0.01 0.1
Location Along the Radius Direction (0~R pm)

0.01

Location Along the Radius Direction (0~R pm)

Location Along the Radius Direction (0~R pm)

R=005pm  R=0lpm  R=02pm R=04pm R=06pm  R=08ym R=lpm

R=2pm R=3 ym R=5pum R=10 pm R=30 ym R=50 pm R=80 um R=100 pm

FIG. 5. Piezoelectric constant distribution of (a) (001), (b) (011), and (c) (111) oriented PIMNT along radius direction with decrease in the aspect ratio.
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FIG. 6. The influence of the aspect ratio on the dielectric constant of (a) (001), (b) (011), and (c) (111)-oriented PIMNT.

orientation, when the radius was larger than 1 um, the variation trend
of ds; at each point along the radial direction was similar to the result in
binary PMNT.” The ds5 with the strongest boundary effect is located
near the edge of the element. The ds; variation along the (011) shown
in Fig. 5(b) exhibited a similar trend to that of (001). In comparison, for
(111)-oriented PIMNT thin film shown in Fig. 5(c), the piezoelectric
response had another size inflection point around the aspect ratio of 0.4
where the piezoelectric response of the middle position decreased
unexpectedly.

Figure 6 shows the influence of aspect ratio on dielectric properties
of PIMNT thin film with different polarization directions. The dielectric
constant for all three directions increased with the decrease in the aspect
ratio. For the (111)-oriented PIMNT thin film shown in Fig. 6(c), the
relative dielectric constant increased from 650 to 1323, with the aspect
ratio decreasing from 100 to 0.01. The relative dielectric constant e,
poled along (001) and (011} orientations (the engineered domain con-
figuration was formed in the poled element) was obviously larger than
that along (111) direction under the aspect ratio of 0.01. All these were
related to the weakening of substrate clamping which improved the
domain wall contribution and intrinsic lattice response.”’

The transverse size effect on the pyroelectric properties was
obtained and shown in Fig. 7. During the simulation, the transverse
size effect on the secondary pyroelectric effect was focused. The
PIMNT thin film along (111) direction was analyzed, which exhibited
the best pyroelectric response from previous work on PIMNT single
crystal.”® From Fig. 7, with the aspect ratio decreasing, the pyroelectric
coefficient first decreased gently. When the aspect ratio further
changed to around 10:1, a sharp decrease was observed. The pyroelec-
tric coefficient decreased from 8.5 x 10™* to 8.0 x 10~* C/(m*K)
when the aspect ratio decreased to 0.01. This was due to the increase
in the piezoelectric response during the lateral declamping process,
which would increase the secondary pyroelectric coefficient.

From the above-mentioned result, it could be found that with the
decrease in the transverse size, the substrate clamping stress and strain
gradually released. This led to the reduced energy barriers for domain
and domain wall motion, therefore, simultaneously enhancing the piezo-
electric and dielectric properties exponentially below the critical aspect
ratio. It was also found that the smaller the aspect ratio, the higher the
piezoelectric and dielectric response, which were closer to those of the
bulk single crystal. The local piezoelectric displacement along different
poling directions exhibited similar symmetric distribution characteristics
with their macroscopic crystal symmetry. The peak piezoelectric

response shifted from the edge to the center with the aspect ratio
decreasing. The pyroelectric coefficient decreased slightly with the
increase in the secondary piezoelectric effect contribution. These find-
ings can provide an effective guide for understanding the lateral size
effect on PIMNT and designing pyroelectric array detectors.

In summary, the transverse size effect on the piezoelectric, dielec-
tric, and pyroelectric properties of new-generation PIMNT thin film
with different polarization orientations were studied by FEM. It was
found that with the decrease in the aspect ratio from 100 to 0.01, the
ds3 of the PIMNT element along (001) orientation increased from 178
to 1539 pm/V. The dielectric constant of the array element increased
by nearly 2-5 times along three directions. The pyroelectric coefficient
of the PIMNT element along (111) orientation decreased from
8.5%x 10 * to 8.0 x 10 * C/(m*K). The mechanism responsible for
the change in the piezoelectric, dielectric, and pyroelectric was the
increased contribution from the domain wall motion and intrinsic lat-
tice response. These findings can give insight into the transverse size
effect on the PIMNT film and guide the design of high-performance
integrated pyroelectric detectors.
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PIMNT thin film.
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