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ABSTRACT: Pyroelectric materials are of interest for waste heat utilization and thermal 
detection. However, the low output current and inefficiency reduces their effectiveness. Here, we 
utilize the abrupt decrease in polarization of ferroelectric BaTiO3 materials around Curie 
temperature to improve the output performance of a pyroelectric nanogenerator. The variation of 
the polarization leads to a large change in the density of surface free charges, resulting in an 
increase of pyroelectric current. We have designed a temperature control and recording system to 
realize direct measurement of the pyroelectric output current. The pyroelectric current, power and 
energy conversion efficiency of the device near the Curie temperature were measured to be 15.6-
fold, 18-fold and 15.8-fold higher than those acquired near room temperature. Moreover, the 
temperature induced current and charge density enhancement can be applied to detect temperature 
and temperature change. The responsivity of the self-powered temperature sensor near Tc is 120 
nC/cm2∙K, which 4.8 times higher than that near room temperature (25.1 nC/cm2∙K). The results 
confirmed the ability to exploit a ferroelectric phase transition for pyroelectric performance 
enhancement. 
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1. INTRODUCTION 

With the demands for clean energy and low-power portable electronics, the drive to develop new 

renewable energy sources for self-powered sensors is attracting growing interest.[1-10] The ability to 

harvest low-grade waste heat is of particular concern since, according to the data from the U. S. 

Department of Energy, a significant amount of waste heat from our daily life and core industries, such 

as, iron/steel, paper, glass, cement, aluminum, and chemical production is lost every day.[11] While 

new approaches to utilize waste heat can provide new forms of green energy to reduce pollution and 

carbon emissions, scavenging heat can also be applied to provide self-powered sensor systems for 

smart portable electronics and sensor networks. Thermoelectric materials have attracted interest since 

they able to generate electrical energy from a spatial temperature gradients (dT/dx), where a number 

of semiconductors and conductive polymers exhibit thermoelectric properties.[12-15] As an 

alternative approach, pyroelectric materials are polar dielectric materials with a non-centrosymmetric 

structure that can convert temperature fluctuations (dT/dt) into electric energy as a result of a change 

in polarization with temperature.[16-19]  

Pyroelectric nanogenerators have been considered for thermal energy harvesting and temperature 

detection; these include infrared and person detection, thermal imaging, electronic skins, and wearable 

health monitoring devices.[20-26] While the voltage generated by the pyroelectric effect can be 

relatively high, the current is often relatively low, which ultimately limits the output power. In addition, 

the low energy conversion efficiency and the naturally low frequency of thermal cycles impedes the 

application of pyroelectric materials to thermal harvesting. Several methods have been applied to 

improve the performance of pyroelectric materials; these include electric field enhancement, grain size 

control and device thickness control.[27, 28] Pandya et al. reported on the electric field enhanced 
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pyroelectric performance of a 0.68Pb(Mg1/3Nb2/3)O3-0.32PbTiO3 ferroelectric, the pyroelectric 

coefficient was enhanced from 100 μC/m2∙K to 550 μC/m2∙K, and the dielectric constant was 

suppressed by 72% by the application of a DC electric field.[29] Patel et al. observed that the grain 

size influenced the pyroelectric performance of BaTiO3 based ceramics. On increasing the grain size 

from 136 nm to 529 nm the pyroelectric coefficient and performance figures of merit exhibited a five-

fold increase. As a result, the energy generated using a Olsen cycle was enhanced from ∼96 kJ/m3 to 

∼135 kJ/m3.[30] Song et al. studied the dimensional control of a pyroelectric element, whereby a thin 

free-standing indium tin oxide (ITO)/BaTiO3 /Ag pyroelectric nanogenerator exhibited a pyroelectric 

charge density that was 11.4 times higher than that of thick device which was attached on a 

substrate.[16] Yang et al. reported a single PbZrTiO3 micro/nano wire based pyroelectric self-powered 

temperature sensor which can detect both temperature and the change rate of temperature of the heat 

source. The reported temperature sensor possessed a short response time of 0.9 s and a good sensitivity 

of 0.4 K.[31] 

The pyroelectric coefficient, p, is defined by 

d
d

sPp
T

=                                    (1) 

where T represents temperature, p is the pyroelectric coefficient and Ps is the spontaneous polarization. 

According to the literature, the rate of change of the spontaneous polarization with temperature (dPs/dT) 

is increases significant near its phase transition temperature at the Curie temperature (Tc) .[6] As a 

result, the pyroelectric coefficient can be improved near the Tc, such as a ferroelectric-antiferroelectric 

transition, or a ferroelectric-paraelectric transition. Sun et al. reported on a molecular pyroelectric 

material which exhibited an improvement is performance near its transition temperature[32], where 

AgNO3 based ceramics were confirmed to exhibit an outstanding pyroelectric energy density of 1.4 
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J/cm3 at an antiferroelectric-ferroelectric phase boundary.[33]  

In this work, we have studied the temperature-dependent pyroelectric behavior of BaTiO3 (BTO) 

ceramics. BTO has been selected as an environmentally friendly and lead-free ferroelectric material 

with excellent pyroelectric performance, where the ferroelectric-paraelectric phase transition 

temperature (Curie temperature, Tc) is ~ 130 oC.[34] In previous work, the temperature dependence of 

pyroelectric coefficient of BTO based materials was obtained by P-E loops or thermally stimulated 

depolarization current.[30, 35-37] The pyroelectric output current and power at a wide temperature 

range were measured for the first time in this work. The BTO ceramics were obtained by two-step 

sintering method[38] and to assess the pyroelectric properties, the ambient temperature during the 

measurement process was controlled by a sealed thermostat and the pyroelectric current as a result of 

a temperature change was measured from room temperature (below Tc) to 140 oC (above Tc). Notably, 

the pyroelectric current near Tc was found to be 15.6 times higher than that near room temperature and 

the performance figures of merit were enhanced by at least 3.5 times. Moreover, the pyroelectric 

device can sense temperature by output current and temperature change by charge density change. The 

responsivity of the temperature sensor was also enhanced by 4.8 times near Tc. The results indicate the 

potential of exploiting the pyroelectric response near its phase transition temperature for enhancement 

of pyroelectric performance. 

2. EXPERIMENTAL SECTION 

Preparation of BaTiO3 ceramic and Ag/BTO/Ag device. The BTO ceramic was fabricated 

using commercial BTO nanopowders. (Aladdin industrial Corporation). A mass of 0.3 g of BTO 

powder was mixed with a polyvinyl alcohol (2 wt%) binder uniformly. Then, the mixed sample was 

pressed into a disk with a diameter of 10 mm under a 2 MPa pressure and pressed by cold isostatic 
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pressing under 250 MPa. Next, the pressed sample was placed in an alumina crucible and sintered by 

a two-step sintering method. Firstly, the sample was heated to 650 oC and held at the temperature for 

1h to remove the binder. Secondly, the temperature was increased to 1150 oC and rapidly reduced to 

900 oC. Finally, the sample was maintained at 900 oC for 20 h to densify the material. Then, the 

densified BTO ceramic was polished and a disk with a thickness of 0.7 mm was obtained. Ag 

electrodes were sputtered on the upper and lower planes of the BTO ceramic disk. The Ag/BTO/Ag 

device was poled at an electric field of 3 kV/mm at room temperature for 30 minutes in silicone oil 

(Nanjing Entai Electronic Instruments Plant, ET2673D-4 Piezoelectric Ceramics High-voltage Poling 

Device). 

Characterization and Measurements. A cross section image of the BTO ceramic was analyzed 

by scanning electron microscopy (Nova NanoSEM 450). Phase transitions of the BTO ceramic was 

investigated by a differential scanning calorimeter (volumetric specific heat capacity) (Hengjiu HSC-

1) and dielectric temperature spectrometer (temperature-dependent permittivity via a Partulab 

DMS500). A Peltier cooling plate was used to provide temperature fluctuations. A thermocouple 

(OMEGA) and multichannel temperature recorder (Jinke JK4008) was used to measure and record the 

temperature with time. The pyroelectric current was recorded by a digital source meter (Keythley 

2611B) and polarisation-electric field (P-E) loops were investigated by ferroelectric measurement 

system (Radiant RTI-MultiFerroic). 

3. RESULTS AND DISCUSSION 

The selected bulk material for a pyroelectric generator should possess a phase transition at a 

relevant and useful temperature range relative to the temperature source being harvested. In this regard, 

the BTO ceramics exhibit a bistable phase transition at ~130 oC, which accompanied by the decrease 
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of the spontaneous polarization. A two-step sintering method was applied to obtain BTO ceramics with 

a clear ferroelectric-paraelectric phase transition and a reduced peak permittivity. To investigate the 

pyroelectric performance at a range of temperatures, there was a need to develop temperature 

fluctuations at a range of ambient temperatures; this was achieved using a temperature adjustable 

thermostat combined with a temperature control plate.  

To produce BTO ferroelectric ceramics via the two-step sintering method, the pressed power 

specimen was initially heated to 1150 oC and the temperature was rapidly reduced to 900 oC and 

maintained for 20 hours. During the two-step sintering process, the sample is heated to a higher 

temperature to achieve a medium density at the first step. The inter-particle pores get a critical size 

during this process. Then, the temperature dramatically decreases to a lower temperature which can 

drive the pores further shrink but not enough to drive the grain growth at the second step.[39] In this 

work, the BTO sample was heated to 1150 oC to get a medium density and grain growth. Then the 

temperature rapidly decreased to 900 oC to eliminated the pores without grain size increasing. Thus, 

the specimen was densified at a low temperature without significant grain growth, where the sintered 

ceramic exhibited a grain size of several hundred nanometer; see Fig. S1. The temperature-dependent 

pyroelectric characteristics of the BTO ceramic was investigated using a thermostat whose 

temperature (T) could be accurately controlled through software. A front and side schematic of the 

thermostat setup is shown in Fig. 1a and Fig. S2. The heater acted to increase the ambient temperature 

within the thermostat and the temperature controller applied a temperature fluctuation to the BTO 

ceramic to produce a pyroelectric current. The specimen was electroded using Ag electrodes on both 

sides to obtain Ag/BTO/Ag device, where the as prepared poled device had a thickness and diameter 

of 0.65 mm and 8.7 mm, respectively; see Fig. 1b. A thermocouple was applied to the materials to 
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measure the temperature of the BTO based device, as seen in Fig. 1a. The probe electrodes in blue 

contacted with the upper and lower Ag electrodes of the device and connected with the digital source 

meter outside of the thermostat. A thermally insulated cover was used to limit heat exchange between 

the thermostat and external environment.  

The phase transitions of the material were studied be measurement of the temperature-dependent 

volumetric specific heat capacity (CE), as seen in Fig. 1c, and a permittivity-temperature (εr-T) curve 

in Fig. 2a. The polarization behavior was analyzed by measurement of the polarization-electric field 

hysteresis (P-E) loops.  

The specific heat capacity (CE) in Fig. 1c shows a small inflexion in the temperature range from 

room temperature to 107 oC and begins to rise from 107 oC, until it reaches a peak CE of ~ 3.34 J cm-

3 K-1 at 125 oC. It can be inferred from the CE-T plot that the Tc of the BTO ceramic is ~ 125 oC. The 

maximum value of the permittivity in εr-T curve is also obtained at ~ 127 oC, which is in good 

agreement with the Tc. The small difference of 2 oC between the Tc acquired from CE-T (Fig. 1c) and 

εr-T (Fig. 2a) curves is possibly due to the different work conditions of the two test systems. The 

polarization-field (P-E) loops at different temperature are shown in Fig. S3, where we have selected 

the P-E loops obtained at critical temperatures in Fig. 1d. The saturation polarization of the BTO based 

device is 15 μC cm-2 and begins to decrease at 90 oC. The P-E loops are slimmer and less hysteretic at 

temperatures beyond 130 oC, and the P-E loops tend to be linear and lose their ferroelectric nature at 

higher temperature since the material is transforming to the paraelectric phase.  

The spontaneous polarization (Ps) of the Ag/BTO/Ag device was obtained from the intersection 

point of the y-axis and tangent line at the top point of the P-E loop in the first quadrant. This enabled 

the calculation of the spontaneous polarization of the device at different temperatures, see Fig. 2b. The 
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spontaneous polarization started to decrease from a temperature of 90 oC and decrease significantly 

on heating to 120 oC and higher, as the temperature approached Tc. Using Eqn. 1, it is possible to 

calculate dPs/dT from the differential of the Ps-T curve to determine the pyroelectric coefficient 

(Equation 1); as indicated by the blue curve in Fig. 2b. The dPs/dT-T (or p-T) plot in Fig. 2b therefore 

indicates the dependence of p with temperature. The absolute value of p remained relatively stable (p 

~ 0.003 μC cm-2 K-1) from room temperature up to 80 oC and started to increase a temperature beyond 

90 oC, and eventually reached a peak magnitude of p ~ 0.368 μC cm-2 K-1 at ~ 123 oC, which is near 

the Tc obtained from the temperature-dependent permittivity curve (Fig. 2a).  

We have summarized the underlying mechanism of the pyroelectric effect at room temperature 

and near its Tc, according to the results in Fig. 1d, Fig. 2a and b. The mechanism during heating process 

is shown in Fig. 2c. We define that T0 < Thot < T0’ < Thot’, α < β < α’ < β’ in Fig. 2c where T0 corresponds 

to room temperature and Thot’ corresponds to a temperature very near to Tc. After being subjected to a 

poling process, a poled pyroelectric material has a polarization along the normal direction of electrodes 

marked as “P” in Fig. 2c. As a result of the polarization of the pyroelectric element, charges will be 

bound at the ends of the dipole moments, where bound charges inside the material are able to neutralize 

each other. However, those on the surface cannot be neutralized and to maintain surface electrical 

neutrality, free charges will collect on the surface to shield the bound charges (see the blue regions in 

Fig. 2c).  

At a specific temperature the dipoles will randomly vibrate within a degree from their alignment 

axes and the average polarization intensity along the polarization direction is constant. As the 

temperature of the material is increased, the degree of vibration increases and the polarization will 

deviate from the alignment axes to a greater degree. As a result, the average polarization will decrease 
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with increasing temperature. As shown in Fig. 2c, when the temperature increases from T0 to Thot, the 

deviation angle increases from α to β, and the net polarization in normal direction decreases. As a 

result of the decrease in polarization, the bound charges decrease and the surface charges are now free 

to flow from the negative electrode to positive electrode through external circuit so that pyroelectric 

signals can be detected.[19, 40]  

During heating above the Tc the lattice structure of BTO ceramics changes from a non-

centrosymmeric and ferroelectric tetragonal phase to a centrosymmetric and paraelectric cubic phase 

as a result of a phase transition. On the transition to a centrosymmetric paraelectric phase the 

spontaneous dipole moment and polarisation is reduced to zero; as in Fig. 1d.[41] Therefore, when the 

temperature increases from T0’ to Thot’ (near Tc), the net polarization decreases significantly due to an 

increase of deviation angle and a decrease of the spontaneous dipole moments. Correspondingly, as 

we can see in Fig. 2b, the average polarization near Tc is dramatically changed and the bound charges 

are reduced dramatically. Accordingly, more surface screening charges are able to transfer from the 

negative electrode to positive electrode and larger electrical signals will be produced. And then the 

strengthening mechanism in cooling process is depicted in Fig. 2d. When the T0’’ is close to Tc, the 

net polarization is fairly low. Then the temperature is cooled down to Tcold’’, the polarization in the 

normal direction of the electrodes will be rebuilt. And the corresponding surface free charges will flow 

in external circuit from positive electrode to negative electrode. The output current with opposite 

direction to that in heating process can be detected. While the dPs/dT - T plot indicates the variation 

of the output of a pyroelectric device qualitatively, the specific output performance of the device is 

now measured in depth. 

The pyroelectric output of the Ag/BTO/Ag device was characterized using a thermostat which 
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controlled the temperature. A Peltier tile was assembled in the thermostat to act as a temperature 

controller to produce the necessary temperature fluctuations to modulate the polarization. The 

temperature controller was controlled by an adjustable DC power supply and we investigated the 

conditions of an applied DC voltage of 1V, 3V, 5V, 7V, 9V; which corresponding to a temperature 

difference (ΔT) of ~2 oC, ~8.8 oC, ~17 oC, ~32 oC and ~51 oC. The DC power supply worked for 180 

s and rested for 180 s in every cycle. The change rate of the DC voltage during rise and down process 

was kept at 3 V/s in the entire process to fix temperature change rate. The pyroelectric currents under 

short circuit measured at 1V, 3V, 7V, 9V are show in Fig. S5 a-d and the corresponding Thot (highest 

temperature in each cycle) can be determined from Fig. S6 a, b, d, e. 

 The pyroelectric response at a DC input of 5 V (ΔT ~17 oC) were further studied due the 

performance enhancement and temperature stability. The corresponding temperature-time variation 

curve obtained at different ambient temperatures are demonstrated in Fig. 3a; it can be seen that the 

thermal profile is a combination of heating with periodic temperature fluctuations during heating to 

produce a pyroelectric response. The time of each temperature variation cycle is 360 s (heating for 

180 s and resting for 180 s). The peaks and valleys temperature were defined as Thot and Tcold, 

respectively. The specific temperatures are marked on the curve, where Thot increased from 43.8 oC to 

137.3 oC; see Fig. 3a. The pyroelectric current corresponding to the temperature-time curve is shown 

in Fig. 3b, where the peak pyroelectric current of the Ag/BTO/Ag device at Thot = 43.8 oC is 10.1(4) 

nA and the current reached a maximum of 158.1(6) nA at Thot = 120.7 oC. As a result, the peak current 

at Thot is enhanced 15.6 times by increasing the temperature to near Tc. We also investigated the 

stability of maximum pyroelectric current, where Thot was kept between 120.2 oC to 121 oC, as shown 

in Fig. S7a. Fig. S7b shows the pyroelectric current corresponding to the temperature-time curve, the 
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peak values of the current are ~145 nA without evidence of a decrease in pyroelectric response. The 

results indicate that the high output current near Tc possesses good repeatability and stability despite 

being near the Tc. The operating temperature of piezoelectric transducers are often limited to one-half 

of the Tc (in oC). For the BTO material examined here this would be an upper working temperature ~ 

60 oC. While piezoelectric transducers can be subject to large electric field or mechanical stress during 

operation, a pyroelectric generator is subject to relatively low electric fields and stress, thereby 

providing potential to operation much closer to the Tc. [42] 

The output power of the pyroelectric generator was investigated at room temperature and 120.7 

oC, where we measured the pyroelectric current with a range of load resistances and calculated the 

output power using P = I2R. The current obtained at different load resistances are shown in Fig. S8 

and the peak current versus load resistance curves at the two contrasting temperatures are shown in 

Fig. 3c. The peak current at the two temperatures both decreased with increasing resistance since 

increasing the impedance of the electrical load reduces current flow. A comparison of the output power 

at room temperature and 120.7 oC is shown in Fig. 3d. The maximum output power is 122.(5) nW and 

2204.(5) nW acquired at 3 GΩ and 500 MΩ at room temperature and 120.7 oC, respectively; the output 

power was evidently enhanced by 18 times near Tc compared to room temperature. Moreover, the 

output power density of the device was compared with that of other BTO based materials in Table 1. 

The power density obtained at 120.7 oC in this work possesses expected advantage.[16, 43-46] 

The performance figures of merit for the pyroelectric element of Ag/BTO/Ag were also 

investigated. The pyroelectric current can be calculated by 

 p
dTA pi dt

= ⋅ ⋅                                  (2) 

where ip is short circuit pyroelectric current, A represents the area of the electrodes, p is pyroelectric 
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coefficient, T is temperature, t is time. The equation can be converted into  

 pS
dTdt A p dt A p TQ i dt

∆ = = ⋅ ⋅ = ⋅ ⋅∆∫ ∫                       (3) 

 sQp
A T
∆

=
⋅∆

                                   (4) 

where ΔQs is the pyroelectric charge, ΔT is the temperature difference (Thot - Tcold).[16] The Qs of the 

Ag/BTO/Ag device was calculated by integrating the output current versus time curves. The Qs curves 

are shown in Fig. S9c and ΔQs is the difference between the peak and valley values of the Qs curves. 

Then the corresponding p was determined, see Fig. 4a, where the pyroelectric coefficient increased 

slowly from 43.8 oC to 91.3 oC, then the rate of change in increase started to grow. The pyroelectric 

coefficient then increased rapidly to the maximum value at 120.7 oC and decreased as the sample was 

heated beyond Tc and the polarization was lost. The variation with temperature is coincident with the 

results analyzed in Fig. 2 and the maximum value of pyroelectric coefficient p ~ 125.(7) nC cm-2 K-1 

is 5 times higher than p ~ 24.(9) nC cm-2 K-1 at 43.8 oC. The pyroelectric coefficient of the device and 

other BTO based materials are listed in Table 2.[30, 37, 47-53] We also measured the performance 

figures of merit of the Ag/BTO/Ag device, where the pyroelectric energy conversion efficiency η can 

be expressed by 

 
2

0

=
2 εE r

Tpη
C ε
⋅∆

⋅ ⋅ ⋅
                                (5) 

where CE represents the volumetric specific heat capacity in Fig. 1c, εr is the relative permittivity in 

Fig. 2a, ε0 is vacuum permittivity (8.85*10-12 F∙m-1).[7] The figure of merit for energy harvesting (FE) 

is 

 
2

0
E

r

p
F ε ε

=                                   (6) 

The figure of merit for detectivity of pyroelectric detectors (Fd) can be expressed as[54] 
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 0.5
0( tan )d

E r

pF
C ε ε δ

=
⋅

                              (7) 

Moreover, the figures of merit for output current and voltage are  

 i
E

pF
C

=                                    (8) 

 
0

=
εE r

pFv
C ε⋅ ⋅

                                 (9) 

respectively.[55] We calculated these performance figures of merit of the specimen according to the 

expressions above, which are summarized in Fig. 4b-f. All figures of merit possess a similar 

temperature variation as p; where η, FE, Fd, Fi and Fv achieved maximum values of 0.107(4) ‰, 39.7(0) 

C2∙m-3∙K-2∙F-1, 9.6(0)×10-6 C∙m3/2∙J-1∙F-1/2, 4.0(3)×10-6 C∙m∙J-1, 10.1(1)×10-3 C∙m2∙J-1∙F-1 at 120.7 oC 

and those at 43.8 oC are 0.006(8) ‰, 2.1(2) C2∙m-3∙K-2∙F-1, 2.2(2)×10-6 C∙m3/2∙J-1∙F-1/2, 0.8(5)×10-6 C∙

m∙J-1, 2.8(9)×10-3 C∙m2∙J-1∙F-1, respectively. The high performance obtained at 120.7 oC are 15.8, 18.7, 

4.3, 4.7 and 3.5 times as much as those at 43.8 oC, respectively.  

A temperature-dependent plot to show the peak pyroelectric current is shown in Fig. 5a. The peak 

current begins to increase at temperature above 81.5 oC and increase substantially from temperatures 

of 117 oC. On further heating, the peak current achieves a maximum of 158.1(6) nA at 120.7 oC and 

then begins to decrease on heating above Tc where the polarization is reduced. The peak current 

decreased to 1.7(3) nA at 137.3 oC because the polarization along the normal direction of the electrodes 

decreased to zero at temperatures higher than Tc; this was confirmed by measurement of the 

piezoelectric d33 charge coefficient, which also decreased to zero from 264 pC/N. The temperature-

dependent current curve acquired at a DC voltage of 1V, 3V, 7V and 9V are shown in Fig. S10 a-d. 

The temperature dependence of current curve possesses a nonzero minimum value and a peak point. 

The features match with Lorentz function, so the current-temperature plot was fitted by Lorentz 
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function. The expression of Lorentz function is that  

             0 2

2
4 ( )c

A wy y
x x wπ

= + ⋅
⋅ − +

                        (10) 

Lorentz function shows a peak curve in orthogonal coordinate system. A is the area of the peak, w is 

the peak width at half height, xc is the abscissa values of the peak point, y0 is the lower limit value of 

the curve. The obtained fitting equation is  

  2

3240.66 13.15
( 124.3) 9.24hot

I
T

= +
− +

                        (11) 

The R-square (R2) of the fitting is 0.992. (R2 represents the goodness of fitting, which is expected to 

be closed to 1). We fitted the data from 43.8 oC to 120.7 oC because the device will be depolarized 

after phase transition process, the fitting curve is part of a Lorentz peak curve. 124.3 is the value of 

the Thot corresponding to the peak point of the fitting curve, 13.15 is the lower limit value of I. The 

results confirmed that Ag/BTO/Ag device can work as a temperature sensor under Tc. The response 

time is defined as the time from 10 % to 90 % of the negative peak current. As shown in Fig. S11 a 

and b, the response time of the temperature sensor near room temperature and Tc are 2.5 s and 2.8 s, 

respectively. In addition, Fig. 5b shows the plot of charge density and temperature change near room 

temperature and Tc. The charge density and temperature change show linear relationship near both 

room temperature and Tc. Therefore, as fabricated temperature sensor can detect temperature change. 

The slope of the fitting in Fig. 5b represent pyroelectric coefficient and responsivity of the sensor. The 

pyroelectric coefficient is consistent with the result in Fig. 4a. In addition, the responsivity of the self-

powered temperature sensor near Tc is 120 nC∙cm-2∙K-1, which 4.8 times higher than that near room 

temperature (25.1 nC∙cm-2∙K-1). Hence, the Ag/BTO/Ag temperature sensor can detect not only the 

temperature but also the change in temperature. And the responsivity of the sensor for temperature 
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change was markedly enhanced near Tc. 

4. CONCLUSIONS 

We designed a temperature control and detection system to investigate the pyroelectric output 

performance of BTO ceramic. A stable ambient temperature and temperature fluctuation were obtained 

and the pyroelectric output current, output power with load resistance, pyroelectric coefficient (p) and 

performance figures of merit were examined. Distinct from previous work[32, 33, 56-58], we have 

measured the output current and temperature fluctuation curve at different ambient temperatures 

directly. The pyroelectric output performance near Tc was analyzed and compared with that obtained 

near room temperature. The pyroelectric performance was enhanced near Tc and the high output 

performance is stable. Moreover, the phase transition properties of BTO ceramic were explored by 

temperature dependent volume specific heat capacity, permittivity and P-E loops. The P-E loops 

revealed the mechanism of the phase transition enhancement, where mechanism is that the average 

polarization intensity decreases dramatically near Tc. Since the ferroelectric-paraelectric phase 

transition enhancement can be extended to all ferroelectric materials with a phase transition near a 

useful operating temperature, it provides a route to improve the pyroelectric output performance of 

ferroelectric materials by controlling work temperature and designing composition and phase content. 

Signally, the temperature controlled output current can be applied to detect temperature. The 

performance of Ag/BTO/Ag temperature sensor also be enhanced by the phase transition process. 

To summarize, the temperature dependent pyroelectric performance of poled Ag/BTO/Ag was 

measured through a thermostat and a digital source meter. The high output current and power of 158.2 

nA and 2204.5 nW was obtained at Thot ~ 120.7 oC near Tc, which were 15.6-fold and 18-fold of the 

counterpart at room temperature, respectively. Notably, the energy conversion efficiency was 
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substantially enhanced by 15.8 times. The results indicate a step forward to increase the output current 

and energy conversion efficiency of pyroelectric devices. Besides, the temperature sensing 

performance of the device was also discussed. The output current increases with temperature in 

Lorentz relationship. And the response time is within 3 s. The charge density change linearly increases 

with temperature change. So the device can detect both temperature and temperature change. The 

responsivity of the temperature sensor also improved 4.8 times near Tc. This investigation proposed 

and verified a method to improve the pyroelectric output performance and energy conversion 

efficiency of ferroelectric materials and can facilitate the practical application of pyroelectrics for self-

powered temperature sensing. 
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FIGURES  

 

Figure 1. (a) Schematic of measurement system (front view). (b) Images of BTO ceramic and 

Ag/BTO/Ag device. (c) Temperature-dependent volumetric specific heat capacity of Ag/BTO/Ag 

device. (d) Polarization-electric field hysteresis loops of Ag/BTO/Ag device with temperature. 
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Figure 2. Mechanism and analysis of the pyroelectric effect enhancement near the Tc.  (a) 

Temperature-dependent permittivity curve. (b) Temperature-dependent polarization and the 

polarization gradient with temperature curves. (c) Comparison of the physical mechanism of the 

pyroelectric performance near room temperature and Tc in heating process, which reveal the 

enhancement mechanism. (d) Physical mechanism of the pyroelectric performance near Tc in cooling 

process. 
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Figure 3. Pyroelectric current from 43.8 oC ~ 137.3 oC. (a) Temperature-time variation curve. (b) 

Output current variation with time corresponding to the temperature-time curve in Figure 2a. (c, d) 

Output current and corresponding output power at different loading resistance near room temperature 

and Tc.  
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Figure 4. Performance figures of merit of Ag/BTO/Ag with a temperature difference of 17 oC. Curves 

of (a) pyroelectric coefficient (b) energy conversion efficiency (c) figure of merit for energy harvesting 

(d) figure of merit for pyroelectric detectivity (e) figure of merit for current, (f) figure of merit for 

voltage versus Thot. 
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Figure 5. (a) The variation of the peak current with Thot. (b) Dependence of charge density on 

temperature difference (ΔT). 
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Table 1. Comparison of the output power of BTO based materials. 

Composition 
Power density 

(nW/cm2) 

Loading 

Resistance (MΩ) 

Temperature 

(oC) 

ΔT 

(oC) 
Reference 

BTO 219.9 500 120.7 17 This Work 

BTO 3957.8 1000 43.8  17 This Work 

BTO 11.9 1000 RT 12.4 43 

BTO  51.2 40 RT 11.3 44 

BTO 12.4 750 RT 12.9 45 

BTO 639.2 100 RT 44.2 16 

0.5BTO-0.5PZT 130 -- 154 (Tc) -- 46 

ΔT is temperature difference; PZT is PbZr0.52Ti0.48O3 

 

Table 2. Comparison of the pyroelectric coefficient of BTO based materials. 

Composition 
Pyroelectric coefficient 

(nC/cm2∙K) 

Temperature 

(oC) 
Reference 

BTO 125.7 120.7 This Work 

BTO 24.9 43.8 This Work 

0.85PNZST-0.15BTO 113 RT 37 

BaTi0.95Sn0.05O3 100 RT 47 

Ba0.85Sr0.15Zr0.1Ti0.9O3 80.5 RT 48 

BaCe0.1Ti0.9O3 78.2 RT 49 

BTO-Ag nanosystem 33.5 77 50 

PVDF 7wt.%-BTO 26.85 130 51 

0.8Bi0.5Na0.5TiO3-0.2BaTiO3 24.2 RT 52 

BTO sintering from nanowire 16 RT 53 

BTO 10 RT 30 

RT is room temperature; BTO is BaTiO3; PNZST is Pb0.99Nb0.02[(Zr0.57Sn0.43)0.937Ti0.063]0.98O3 
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