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Abstract 

Ceramic composites of (1-x)Pb0.99{Nb0.02[(Zr0.57Sn0.43)0.937Ti0.063]0.98}O3 (PNZST)/xZnO 

were recently reported to exhibit exceptionally high pyroelectric coefficients near human body 

temperature due to the ferroelectric - antiferroelectric transition of the matrix grains. In the 

present work, a comparative study is conducted on two composites of x = 0.1 and 0.4 with in-situ 

heating transmission electron microscopy (TEM). The results verify the presence of strain field 

in the PNZST grain adjacent to a ZnO particle and the stabilized ferroelectric phase at room 

temperature in the composite of x = 0.1. During heating, the ferroelectric matrix grain transforms 

to the antiferroelectric phase, contributing to the pyroelectric effect. In the composite of x = 0.4, 

high-angle annular dark-field imaging combined with energy-dispersive X-ray spectroscopy 

reveal the existence of both ZnO and Zn2SnO4. The formation of Zn2SnO4 indicates that Sn in 

the PNZST matrix grain is selectively extracted and decomposition of the perovskite phase has 

taken place. The decomposition products in the form of fine particles are observed to facilitate 

the nucleation of the antiferroelectric phase and restrict the motion of the phase boundary during 
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heating. The larger amount of ZnO and Zn2SnO4 and the decomposition of the PNZST 

perovskite phase are suggested to be responsible for the much lower pyroelectric coefficient in 

the x = 0.4 composite.  
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1. Introduction 

Pyroelectric materials are widely used in infrared applications, including detectors, 

sensors, thermal imaging systems;1-3 besides, and they are also in high demand in fire alarms, 

gas analyzers, pollution monitors, as well as energy harvesters.4- 9 The pyroelectric infrared 

devices are typically operated at room temperature to human-body temperature, so the active 

material is desired to have the pyroelectric response peaks at ~35 °C. Even though extensive 

efforts have been made,10- 14 especially on lead-free pyroelectric materials,15- 18 design and 

development of next generation ceramics for even higher pyroelectric performance at this target 

temperature is still of interest.  

Due to their antiferroelectric (non-polar) - ferroelectric (polar) phase transitions,19- 22 

antiferroelectric ceramics have received great attention in the pyroelectrics community.20 

However, the phase transition temperature in most antiferroelectric oxides deviates from the 

target temperature range around 35 oC. Recently, we introduced ZnO particles to 

(Bi1/2Na1/2)TiO3-based ferroelectric ceramics and demonstrated profound influences of ZnO on 

the thermal depolarization of the matrix phase.23 The ZnO phase introduces thermal deviatoric 

stresses; hence, stabilizes the ferroelectric phase and shifts up the thermal depolarization 
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temperature.24,25 Using this ceramic composite approach, we further realized ultrahigh 

pyroelectric properties in PbZrO3-based antiferroelectric ceramics.26,27 The matrix phase is 

antiferroelectric Pb0.99{Nb0.02[(Zr0.57Sn0.43)0.937Ti0.063]0.98}O3 (denoted as PNZST hereafter),28 

ZnO was chosen as the second phase due to its pyroelectricity and piezoelectricity.29,30 Such 

ceramic composites of (1-x)PNZST/xZnO shift the antiferroelectric-ferroelectric transition 

temperature to slightly above room temperature, as exemplified in Figure 1 on 

0.9PNZST/0.1ZnO and 0.6PNZST/0.4ZnO. Of great interest is the 0.9PNZST/0.1ZnO composite 

where a record-high pyroelectric coefficient (1,054×10-4 C∙m-2∙K-1) is observed at 39 oC.26 It 

should be noted that the data in Figure 1A and 1B were recorded on poled samples. There was 

almost no pyroelectric current peak in as-sintered (unpoled) samples because they were still 

largely in the antiferroelectric phase as revealed by the dielectric measurements (Figure 1C and 

1D). Nevertheless, the microstructural evolution in these ceramic composites during the thermal 

depolarization has yet to be revealed.  

As a powerful tool to directly reveal the dynamic process of phase transitions at the 

nanoscale, in-situ transmission electron microscopy (TEM) has gained tremendous attention in 

recent decades. Xu and Viehland et al.31- 34 reported in-situ TEM observations on temperature-

induced antiferroelectric - ferroelectric phase transitions in a few compositions. Our group 

recently conducted in-situ heating TEM experiments and proposed possible explanations for the 

delayed thermal depolarization in (Bi1/2Na1/2)0.94Ba0.06TiO3/ZnO ceramic composites.35 In the 

present work, the ferroelectric - antiferroelectric phase transition in the matrix grain adjacent to 

ZnO particles is directly observed with in situ TEM to explain the distinct pyroelectric 

performances in 0.9PNZST/0.1ZnO and 0.6PNZST/0.4ZnO composites. The existence of 
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internal stresses cause by ZnO particles is confirmed in the 0.9PNZST/0.1ZnO ceramic 

composite while the formation of Zn2SnO4 is revealed in the 0.6PNZST/0.4ZnO composite. 

 

2. Experimental procedure 

PNZST/ZnO ceramic composites were fabricated using the solid-state reaction method 

with details described in our previous report.26 The dielectric properties were measured with a 

HP4294A impedance analyzer at a heating rate of 3 °C/min. The pyroelectric behavior was 

evaluated with a Keithley 6485 picoammeter at a heating rate of 2 °C/min. The samples were 

poled under a DC field of 50 kV/cm at room temperature before these measurements. The TEM 

specimen preparation follows the standard procedure involving ultrasonic cutting, dimpling, 

polishing, annealing, and Ar-ion milling. High-angle annular dark-field (HAADF) imaging and 

energy-dispersive X-ray spectroscopy (EDS) mapping was performed on an FEI Titan Themis 

300 probe-corrected STEM operating at 200 kV. In-situ heating TEM experiments were carried 

out on an FEI Tecnai G2-F20 (S)TEM at 200 kV using a Gatan 652 double-tilt holder. The 

specimens were stored in a refrigerator (~4 oC) overnight before loading to the specimen holder. 

During the in-situ heating experiments, specimens were heated gradually to several target 

temperatures and the temperature was maintained ~2 minutes before micrographs and diffraction 

patterns were recorded. After heating to the highest target temperature (~100 oC), the heating 

source was shut off and the specimen was cooled to room temperature in the TEM chamber.  

 

3. Results and discussion  

3.1 0.9PNZST/0.1ZnO 
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The 0.9PNZST/0.1ZnO composite was observed to display the best pyroelectric 

coefficient in the composite series.26 Figure 2 displays the microstructure of a grain of the matrix 

PNZST phase. The grain is presumably in its polar ferroelectric state with a few domains present 

in the lower left corner. The most prominent feature is dislocations, which are most likely 

formed at high temperatures due to thermal stresses caused by the second phase particles. These 

dislocations would possibly facilitate the nucleation of the new phase, and in turn, influence the 

ferroelectric - antiferroelectric transition temperature. They may also act as obstacles to slow 

down domain wall motion in both the ferroelectric and antiferroelectric phases. In the [110]c 

zone-axis selected area electron diffraction pattern shown in the inset, ½{ooo}-type superlattice 

spots (one is marked by the bright circle), but no incommensurate satellite spots, are observed. 

This confirms that the PNZST matrix grain is ferroelectric in the R3c space group.  

The pyroelectric effect in the 0.9PNZST/0.1ZnO composite is realized through the 

ferroelectric to antiferroelectric phase transition during heating in the PNZST grains. Such a 

thermal depolarization process is revealed by in-situ TEM heating of a PNZST grain adjacent to 

a ZnO grain (Figure 3). The PNZST grain is oriented with its [001]c direction parallel to the 

electron beam direction while the ZnO grain is located at the upper right corner in Figure 3A. At 

room temperature, bending contours are seen in the PNZST grain at the upper right portion 

where it is in direct contact with the ZnO grain. This is indicative of residual stresses in the bulk 

composite that are even persistent in the TEM thin foil specimen. The electron diffraction pattern 

(Figure 3C1) recorded from the PNZST matrix grain does not contain any incommensurate 

satellite spots, confirming its ferroelectric state. This grain appears to contain three large 

domains. Upon heating, the antiferroelectric phase, with the appearance of modulated fringes, 

nucleates from the grain boundary and grows into the grain interior. At 55 °C, the ferroelectric to 
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antiferroelectric phase transition is completed (Figure 3B), forming three antiferroelectric 

domains with typical jagged domain walls.36 The antiferroelectric state is further evidenced by 

the presence of the streaked satellite spots in the electron diffraction patterns (Figure 3C2, 3C3, 

3C4).  

3.2 0.6PNZST/0.4ZnO 

The 0.6PNZST/0.4ZnO composite was shown to exhibit a much weaker pyroelectric 

effect (Figure 1B) due primarily to the fact that it contains much higher content of ZnO. A 

combined HAADF-STEM and EDS analysis indicates chemical reactions between PNZST and 

ZnO. Figure 4A shows the HAADF-STEM micrograph of the composite where the PNZST 

grains are displayed in brighter contrast. The grains in darker contrast are chemically different: 

the one at the bottom of the micrograph contains Zn but not Sn (hence a ZnO particle) while the 

one in the upper right contains both Zn and Sn (Figure 4C and 4D). This implies the formation of 

a new second phase. According to the reported phase diagram,37 the new phase is most likely 

Zn2SnO4, the only stable compound between ZnO and SnO2. Semiquantitative EDS analysis 

supported this. The formation of Zn2SnO4 suggests that there was extraction of SnO2 from 

PNZST grains, i.e., some extent decomposition of the perovskite phase. As a result, some 

PNZST grains were observed to contain dispersed fine particles with sizes of 20~50 nm. These 

particles were seen to impact on the thermal depolarization process.  

Figure 5 displays the results of an in-situ heating experiment on a [001]c-oriented PNZST 

grain containing such fine particles, one of them is indicated by the bright arrow in Figure 5A. 

The area marked by the bright triangle contains an array of dislocations, indicative of the 

existence of thermal stresses in the composite. The absence of satellite spots in the electron 

diffraction pattern shown in the inset confirms that the PNZST grain is in the ferroelectric state at 
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room temperature. When the grain is heated to 65 °C (Figure 5B), a lenticular feature forms 

adjacent to the second-phase particle. This feature is presumably the AFE phase, which further 

grows upon heating to 75 and 85 °C (Figure 5C and 5D). The AFE modulation fringes can be 

clearly seen in Figure 5D and the strong satellite spots in the electron diffraction pattern verify 

the AFE structure. Also clear in Figure 5D is that the marked second-phase particle sits on an 

AFE domain wall, indicative of the pinning effect on the domain wall motion. 

Due to thermal hysteresis of the antiferroelectric - ferroelectric phase transition, the in-

situ TEM experiment showed that the AFE phase induced upon heating remained metastable 

even after the heating source was shut off and the temperature returned to room temperature. The 

same specimen shown in Figure 5 was cooled in a refrigerator overnight to resume the 

ferroelectric phase, after which another in-situ heating TEM experiment was carried out. A 

different [001]c-oriented PNZST grain was focused and the results are presented in Figure 6. 

This grain contains many second-phase fine particles, one of which is indicated by the bright 

arrow in Figure 6A. At room temperature, electron diffraction from area C1 confirms that PNZST 

is in the ferroelectric state, with two domains occupying the left and right parts of the grain. 

When the specimen was warmed up, the ferroelectric-to-antiferroelectric phase transition 

initiated from the marked second-phase particle and spread across the whole grain when the 

temperature reached 55 °C. The appearance of fine fringes in the diffraction contrast micrograph 

in Figure 6B and the satellite spots in Figure 6C2 and 6C3 verifies the antiferroelectric state. 

Similar to the situation in Figure 5, the marked second-phase particle situates on the 

antiferroelectric domain wall, suggesting the pinning effect of the particle against domain wall 

motion. It is noted that the antiferroelectric domain wall at 55 °C is at a different location from 

the ferroelectric domain wall at room temperature. Although the grains in Figures 5 and 6 are in 



8 

the same specimen, they appear to have slightly different transition temperatures. This might be 

due to the difference in the extent of decomposition (Sn-content) and the amount of dispersed 

second-phase particles. The spread in the transition temperature recorded in the in-situ TEM 

experiments corroborates the broad pyroelectric peak shown in Figure 1B for the 

0.6PNZST/0.4ZnO composite.  

3.3 Discussion 

In our previous work,26 we considered ZnO as the only second-phase. The mismatch in 

the lattice constants and thermal expansion coefficients leads to thermal stresses in the 

composites. Particularly the tensile residual stresses in the PNZST grains expand the ferroelectric 

phase temperature range and slightly shift the ferroelectric-to-antiferroelectric transition to above 

room temperature. As a result, a higher ZnO content would lead to a higher phase transition 

temperature in the composites. In addition, ZnO itself is a pyroelectric material,30 and the 

polarization mismatch at the PNZST/ZnO phase boundary also influences the thermal 

depolarization process and, hence, the pyroelectric effect of the composites.  

In the present work, the existence of Zn2SnO4, another second-phase in addition to ZnO, 

is observed. The formation of Zn2SnO4 suggests that SnO2 is extracted from the PNZST grain. 

Consequently, the composition of the PNZST grain in these composites may have slightly lower 

Sn content than the single-phase PNZST ceramic. The higher ZnO content in the PNZST/ZnO 

composite, the more deficiency in Sn in the PNZST matrix grains. Sn is known to stabilize the 

AFE state in PbZrO3-based ceramics;21,31 therefore, the loss of Sn in PNZST grain to form 

Zn2SnO4 acts in synergy with the thermal stresses to shift up the ferroelectric to antiferroelectric 

transition to above room temperature. The stabilized ferroelectric phase is verified to be 

rhombohedral in the R3c space group (Figure. 2). It should be noted that Zn2SnO4 crystallizes in 
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the cubic spinel structure and is semiconductive,38- 40 and hence its impact on the pyroelectric 

effect of the composites may not be as strong as that of ZnO.  

The results from the present in-situ TEM experiments explain well the different 

pyroelectric responses in the two composites. The amount of ZnO in the 0.9PNZST/0.1ZnO 

composite is low and the extraction of SnO2 from PNZST to form Zn2SnO4 is at minimum. Most 

PNZST grains have the same composition and are subject to more or less uniform thermal 

stresses. Therefore, they depolarize simultaneously during heating with an ultrahigh pyroelectric 

coefficient peak. In contrast, the large amount of ZnO in the 0.6PNZST/0.4ZnO composite 

significantly dilutes the pyroelectric contribution from the PNZST grains, leading to a much 

reduced pyroelectric peak. In addition, SnO2 is extracted from PNZST to form Zn2SnO4. Such 

extraction is not uniform and different Sn content is resulted not only across PNZST grains but 

also within an individual grain. This leads to different transition temperatures among different 

grains and even different regions within a grain. As a result, the pyroelectric coefficient peak 

becomes much broader.  

 

4. Conclusions 

In-situ TEM analysis on the PNZST/ZnO composites reveals that the pyroelectric effect 

originates from the ferroelectric to antiferroelectric phase transition during heating. The thermal 

stresses generated by inclusion of ZnO stabilize the ferroelectric phase in the PNZST grain and 

shift the transition up to above room temperature. In the 0.6PNZST/0.4ZnO composite, some 

ZnO particles extract SnO2 from PNZST grains and react to form Zn2SnO4. The variation of Sn 

content in PNZST grains broadens the pyroelectric coefficient peak that reflects the ferroelectric 

to antiferroelectric transition. The content and dispersion of ZnO particles need to be tightly 
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controlled to introduce thermal stresses with minimum PNZST decomposition in order to 

optimize the pyroelectric effect in the novel PNZST/ZnO composites.  
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FIGURE 1 Dielectric constant and pyroelectric coefficient of (A) the 0.9PNZST/0.1ZnO, and 
(B) the 0.6PNZST/0.4ZnO ceramic composite measured on poled samples during heating. The 
difference between the poled and unpoled states is revealed in the dielectric constant measured at 
1 kHz during heating on (C) the 0.9PNZST/0.1ZnO, and (D) the 0.6PNZST/0.4ZnO ceramic 
composites. 
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FIGURE 2 Bright-field micrograph and corresponding selected area electron diffraction pattern 
of a [110]c-oriented PNZST grain in the 0.9PNZST/0.1ZnO composite. The bright circle in the 
electron diffraction pattern marks a ½{ooo}-type superlattice spot, which is indicative of the R3c 
symmetry. 
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FIGURE 3 Bright-field micrographs of the 0.9PNZST/0.1ZnO composite at (A) room 
temperature, and (B) 55 °C. The appearance of the fringe features in (B) evidences the formation 
of the antiferroelectric phase from the ferroelectric phase. (C) Electron diffraction patterns 
recorded from the corresponding areas marked in (A) and (B). The matrix PNZST grain is 
oriented to the [001]c zone-axis. The satellite diffraction spots in (C2), (C3), and (C4) are the 
fingerprint of the antiferroelectric phase.  

  



19 

 

FIGURE 4 Chemical analysis of the 0.6PNZST/0.4ZnO ceramic composite. (A) HAADF-
STEM micrograph, and EDS element mapping of (B) Pb in blue color, (C) Zn in green color, and 
(D) Sn in red color. 
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FIGURE 5 Bright field micrographs of a [001]c-oriented PNZST grain in the 0.6PNZST/0.4ZnO 
ceramic composite at (A) room temperature, (B) 65 °C, (C) 75 °C, and (D) 85 °C. The 
corresponding selected area electron diffraction patterns are included in the insets of (A) and (D). 
The bright arrow in (A) marks a second-phase particle and the bright triangle marks an array of 
dislocations. The PNZST matrix grain is likely to start to transform to the antiferroelectric phase 
at 65 °C. The appearance of modulation fringes and satellite spots in (D) clearly verifies the 
formation of the antiferroelectric phase. 
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FIGURE 6 Bright field micrographs of a [001]c-oriented PNZST grain in the same 
0.6PNZST/0.4ZnO specimen at (A) room temperature and (B) 55 °C. The bright arrow in (A) 
marks a second-phase particle. This particle appears to pin the antiferroelectric domain wall. (C) 
Electron diffraction patterns recorded from the corresponding areas marked in (A) and (B). The 
appearance of satellite spots in (C2) and (C3) indicates the formation of the antiferroelectric 
phase. 

 


