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1. Introduction

Pyroelectric materials are widely investigated for thermal 
imaging and infrared sensors [1–5]. Here, it is reported that 
temperature changes undergone by a pyroelectric crystal lead 
to opposite surface charges accumulating along the polariza­
tion direction that extends across the thickness of the crystal 
[6]. This phenomenon is further quantified as the pyroelec­
tric coefficient p  =  ∂PS/∂T, which implies that the working 
temperature (T) could oscillate the spontaneous polarization 
(PS) of pyroelectric materials [7]. In a standard pyroelectric 
measurement system, the required temperature oscillation is 
usually achieved via thermal radiation or conduction [8–10]. 
The thermal conduction method, also known as the dynamic 

method [10], possesses two advantages: convenient temper­
ature control and charge collection. Specifically, when the 
electrodes of the pyroelectric single crystal are linked in an 
open circuit, a programmed temperature oscillation could 
induce current flow. The current stemming from the pyroelec­
tric charge is given as I  =  pA dT/dt (where A is the electrode 
area and dT/dt is the rate of temperature change) [9].

The majority of existing literature related to pyroelectricity 
focuses on improving the coefficient p of the specific mat­
erial. However, a high pyroelectric coefficient does not ensure 
excellent thermal performance [11]. In addition to the coef­
ficient, a low dielectric loss tangent [12, 13] and low permit­
tivity [13, 14] are also required. A high Curie temperature 
and stable chemistry are also essential to obtain acceptable 
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Abstract
This paper reports a series of experiments and optimization based on pyroelectric figures of 
merit (FoMs), which demonstrate that the proper doping of magnesia (MgO) can improve the 
thermal performance of lithium tantalate (LiTaO3) in infrared sensors. Starting with MgO­
doped LiTaO3 grown by the Czochralski method, the heat capacity, pyroelectric coefficients 
and dielectric parameters of these single crystals are then investigated systematically. By 
considering the ultraviolet and infrared spectra, the variation of the electrical parameters and 
the occupation mechanism of MgO doping could be explained. It is found that the dopant 
increases the Curie temperature and broadens the operating temperature of pyroelectric 
devices. Notably, compared with congruent LiTaO3, when the doping concentration reaches  
5 mol%, the corresponding voltage responsivity and specific detectivity FoMs are enhanced by 
ten and two times, respectively.
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pyroelectric performance over a wide temperature range 
and diverse working environment. For instance, due to their 
low Curie temperature, water solubility, chemical instability 
issues and environmental pollution problems, common pyro­
electric materials such as TGS, PVDF, PT and PZT [15–18] 
cannot meet the demanding requirements of complex working 
environments. Hence, it is vital to find a robust pyroelectric 
material with both high­temperature stability and excellent 
pyroelectric performance.

To solve this problem, lithium tantalite (LiTaO3, LT) and 
lithium niobate (LiNbO3, LN) are considered [19]. Both 
LT and LN are known to have a high Curie temperature. 
Specifically, compared with LN, LT possesses a relatively 
low Curie temperature (665 °C) but much higher pyroelec­
tric coefficient (1.7  ×  10−4 C m−2 K−1) [11]. To estimate the 
practical performance of this pyroelectric material, pyroelec­
tric figures of merit (FoMs) can be referenced [11, 20, 21]. 
In infrared sensors, two types of FoMs are used to evaluate 
the performance: voltage responsivity (FV) and specific detec­
tivity (FD),

FV = p/CPεrε0 (1)

FD = p/CP(εrε0 tan δ)
1/2, (2)

where Cp represents the volumetric specific heat capacity, εr 
is the relative dielectric constant, ε0 is the permittivity of free 
space and tanδ is the dielectric loss [22].

In this paper, seven doped LT single crystals are grown 
from congruent melt with different Mg doping concentrations 
(0–6.0 mol%) by the Czochralski method (CZ). Infrared and 
ultraviolet spectra were recorded to determine the occupation 
site of the dopant. Then, based on the effect of Mg doping 
on the spontaneous polarization and the dipole moment of LT 
single crystals, the variation on the pyroelectric coefficient and 
permittivity could be explained. Combining the above results, 
we find that the pyroelectric FoMs are enhanced dramatically 
and the working temperature is also widened.

2. Materials and methods

In our experiment, Li2CO3 (4N purity) and Ta2O5 (4N purity) 
powders were mixed with a molar ratio of Li/Ta  =  0.951. 
MgO powders (5N purity) were added to obtain doping con­
centrations of 0, 1, 2, 3, 4, 5 and 6 mol% (defined as CLT, 
1­LT, 2­LT, 3­LT, 4­LT, 5­LT and 6­LT). The raw powders 
were mixed and ball milled to achieve a uniform mixture. 
Each mixture was heated to 1250 °C for 24 h in a muffle fur­
nace. Then, single crystals were grown by a CZ furnace (as 
shown in figure 1(a)) in a nitrogen–oxygen gas mixture (98% 
N2 and 2% O2). The growth direction was the z­axis [0 0 1], 
using rotation and pulling rates of 6–15 rpm and 0.5–1.0 mm 
h−1, respectively. Then the as­grown crystals were annealed 
and poled to a single domain state. Finally, as shown in the 
inset of figure 1(b), the crystals were cut into z­wafers, pol­
ished on both sides, and Au electrodes were deposited by elec­
tron beam evaporation (EB 450). X­ray rocking curve (Bruker 

D8) was used to check the crystallinity [23] in several square 
millimeters of the wafer. As shown in figure 1(b), a single dif­
fraction peak with the full width at half maximum of 33.696 
arcsec was obtained from the 5­LT wafer. The narrow and sym­
metric peak, located at 19.425°, suggested that the LT wafer 
was a perfect single crystal. A Parttulab HDMS and an Agilent 
E4980A precision LCR meter were used to measure the 
dielectric constant and dielectric loss under different temper­
atures (50 °C–350 °C) and continuously changing frequencies 
(0.1–100 kHz). The –OH absorption spectra of Mg:LT wafers 
were obtained at room temperature using a Fourier transform 
infrared (IR) spectrometer. In addition, the dopant occupation 
site was investigated by a UV–vis–NIR spectrophotometer 
(Lambda 950) as well. Changes in the Curie temperatures 
(TC) and specific heat capacity for different doping concentra­
tions was monitored using differential scanning calorimetry 
(DSC­204F1, Phoenix). In this work, the dynamic method 
was used to measure the pyroelectric coefficient, using a test 
platform presented in our previous work [22]. Specifically, 
the temper atures were controlled by a Linkam T95 together 
with a HFS600E stage, and the pyroelectric current across the 
single crystal was measured by a Keithley 6485 picoammeter 
with the accuracy of 0.4%.

3. Results and discussion

The voltage responsivity and specific detectivity of pyro­
electric infrared sensors not only depend on the pyroelectric 
coefficient, but the dielectric constant, dielectric loss and heat 
capacity of the specific material. In this section, we will pro­
vide detailed illustrations of all relevant experimental results 
along with site occupation analysis based on the infrared and 
ultraviolet spectra and the corresponding variation of sponta­
neous polarization and electric dipole moment. Then, in the 
last part of this section, we will evaluate dopant and temper­
ature­based pyroelectric FoM results and provide quantitative 
insight into the improvement of metrics related to FoMs.

3.1. Infrared and ultraviolet spectra

Figure 2(a) shows the original IR transmission spectra 
(inset) and the collection of –OH stretching vibration [24] 
of as­grown crystals with different MgO doping concen­
trations. When the Mg2+ concentration is below 3 mol%, 
the peak position gradually shifts to a longer wavelength. 
However, when it exceeds 4 mol%, the peak position shifts 
back slightly to a shorter wavelength. The fundamental 
optical absorption edge of ultraviolet (UV edge) spectra can 
also be used to establish the location of impurities in the 
crystal lattice. Figure 2(b) shows the UV spectra and the col­
lection of absorption edges (α  =  20 cm−1) for the seven as­
grown crystals. One can see that as the doping concentration 
is increased from 0 to 3 mol%, the absorption edge shifts 
to a shorter wavelength, then returns sharply to 4 mol%. 
After that, as the doping concentration increases, again, the 
absorption edge shifts back to a shorter wavelength.

J. Phys. D: Appl. Phys. 51 (2018) 395101
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3.2. Curie temperature

Curie temperature (TC) is the temperature where the ferroelec­
tric phase transforms to the nonpyroelectric paraelectric phase. 
Since the pyroelectricity disappears in the paraelectric phase, and 
a high TC is required for most applications, then maintaining the 

ferroelectric phase is a prerequisite of the LT pyroelectric wafer. 
Figure 3(a) shows the Curie temperature of all the samples. One 
can find that, in our Mg:LT single crystals, the Curie temperature 
gradually increases with Mg doping. However, the dopant has 
little influence on the TC of the stoichiometric LT (SLT) [25].

Figure 1. (a) The CZ single crystal growth furnace. (b) The c­ray rocking curve of 5­LT wafer, and the full width at half maximum 
(FWHM) is 33.696 arcsec. The inset presents the Au deposited LT wafers.

Figure 2. (a) The –OH absorption peak position as a function 
of Mg concentration in Mg:LT crystals, and the original IR 
transmission spectra of all samples are presented in the inset.  
(b) The UV absorption edge position of Mg:LT crystals as a 
function of Mg concentration, and the UV absorption edges of all 
samples are presented in the inset.

Figure 3. (a) The relationship between the Curie temperature (TC) 
and Mg doping concentration, the red line represents the Curie 
temperature of Mg:SLT in [25]. (b) The specific heat capacities  
(C) of Mg:LT are measured at 50 °C–250 °C. (a) Reprinted from 
[25], Copyright (2006), with permission from Elsevier.

J. Phys. D: Appl. Phys. 51 (2018) 395101



F Tang et al

4

3.3. Specific heat capacity

In order to evaluate the specific detectivity potential and the 
voltage responsivity of a pyroelectric sensor, the specific heat 
capacity is needed. As shown in figure 3(b), the heat capaci­
ties of all the samples are measured from 50 °C–250 °C. The 
overall data tend to increase with the working temperature and 
display a small dependence on dopant level. It should be noted 
that the measured heat capacity is the mass specific heat (C) 
for the single crystal. In calculating FoMs, the mass specific 
heat capacity should be transformed into the volumetric spe­
cific heat capacity (CP  =  C  ×  ρ, where ρ  =  7.45 g cm−3 is the 
density of the CLT crystal).

3.4. Pyroelectric coefficient

Figure 4(a) shows the pyroelectric coefficient of all the sam­
ples over a wide temperature range from 50 °C–250 °C. In 
general, when the working temperature is far below the Curie 
point, pyroelectric coefficients gradually rise with the temper­
ature. More interestingly, when the doping concentration is 
below the threshold concentration of 4 mol%, the pyroelec­
tric coefficient decreases significantly from the undoped 
crystal. However, when the MgO concentration approaches 
4 mol%, the corresponding pyroelectric coefficient presents a 
huge improvement. Furthermore, as the doping concentration 
exceeds 4 mol%, the pyroelectric coefficient decreases again.

3.5. Dielectric property

The relative permittivities of seven samples in various temper­
ature ranges (from 50 °C–350 °C) and frequency ranges (from 
0.1–100 kHz) are shown in figure  4(b). One can easily see 
that the seven permittivity curves increase with temperature 
and decrease with frequency. The dielectric drops with the 
increase of doping concentration from CLT to 3­LT. However, 
in 4­LT, the relative permittivity shows an obvious increase, 
and then, as the doping concentrations reach 5 and 6 mol%, 
the permittivity decreases sharply.

In the majority of research of FoMs, dielectric con­
stants are recorded at 1 kHz [11, 26]. Thus, in this paper, the 
di electric loss (tanδ) of all the samples is measured at 1 kHz. 
As presented in figure 4(c), the tanδ curves of the seven sam­
ples are similar and are close to zero below 200 °C. However, 
at high working temperature, they increase and separate. 
Specifically, at high temperature, the dielectric loss decreases 
with the rising MgO concentration (from 0 to 3 mol%), and 
then, reaches the highest value in 4­LT. After that, from  
5 to 6 mol%, the dielectric loss decreases again.

3.6. Discussion of electrical parameters

A consideration of the MgO substitution process in CLT 
single crystal, as reflected in the IR and UV spectra in figure 2, 
could explain the variation of electrical parameters offered in 
figure 4. According to the Li­vacancy model [27]: some Ta5+ 
ions occupy Li sites and form anti­site (Ta4+

Li ) defects, where 
one Ta4+

Li  will require the introduction of four Li vacancies 

(V−
Li) to maintain charge balance [28]. Specifically, in doped 

samples, the substitution of Mg2+ for Li+ and Ta5+ will vary 
the spontaneous polarization in different ways, and signifi­
cantly influence the pyroelectric coefficient [29]. Meanwhile, 
high ionic polarizability will induce strong distortions of the 
oxygen octahedron and results in a large dipole moment [30], 
which increases the dielectric susceptibility (χ) and dielectric 
coefficient (εr  =  1  +  χ), and vice versa [31, 32].

Figure 4. (a) The pyroelectric coefficients of seven samples are 
measured at 50 °C–250 °C. (b) The relative dielectric constants 
variation of seven samples under different temperatures  
(50 °C–350 °C) and frequencies (0.1–100 kHz). (c) The dielectric 
loss of all samples in various temperature at 1 kHz.

J. Phys. D: Appl. Phys. 51 (2018) 395101
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In figure 2(a), the initial IR transmission peak (in 3485 cm−1) 
can be attributed to the VLi–OH complex, which consists of 
Li vacancies and H+ ions from H2O molecules in the air [33]. 
For the case of 0 to 3 mol% Mg­doping, the IR shift (to longer 
wavelengths) could be explained by the weaker repelling force 
of Mg+Li than Ta4+

Li  to H+ ions. At the same time, the UV edge 
in figure 2(b) is determined by the valence electron transition 
energy from the 2p orbital of O2− to the 5 d orbital of Ta5+. 
The order of polarizability (Ta5+  >  Mg2+  >  Li+) suggests 
that the blueshift of UV edge could be due to the substitu­
tion for Ta5+, which broadens the band gap of valence electron 
transition [34, 35]. Thus, an initial occupation process (where 
Mg substitutes for the Ta at the Li site, Ta4+

Li → Mg+Li) would 
weaken the spontaneous polarization and the dipole moment 
of oxygen octahedron (from TaLiO6 to MgLiO6 octahedron), 
which would decrease the corresponding pyroelectric coeffi­
cient and dielectric susceptibility. Then, from 3 to 4 mol%, 
the redshift of UV edge could be due to the substitution of Li+ 
ions (LiLi → Mg+Li). Now, the stronger polarizability of the 
substitution ion would enhance the spontaneous polarization. 
In addition, the dipole moment of the oxygen octahedron is 
enhanced from LiLiO6 to MgLiO6. These improvements result 
in an increased pyroelectric coefficient and relative permit­
tivity. After that, as shown in figures 2(a) and (b), when the 
doping concentration exceeds 4 mol%, the blueshift of UV 
edge implies the extra Mg2+ starts to replace normal Ta sites, 
and the IR shift (to shorter wavelength) is attributed to the 
stronger attraction of MgTa–OH complexes to H+ ions. Again, 
due to the polarizability difference between Mg2+ and Ta5+, 
this substitution (TaTa → Mg3−

Ta ) will reduce the spontaneous 
polarization and dipole moment (from TaTaO6 to MgTaO6 octa­
hedron), and so will reduce the corresponding pyroelectric 
coefficient and relative permittivity.

Comparing light and heavy doping processes, the permit­
tivity varies with different doping concentrations. This 
could be explained by the huge difference between TaLiO6 
and TaTaO6 octahedrons in the perovskite­like LT structure. 
Specifically, along the z­axis, one TaLiO6 locates between two 
normal Ta ions. Under light doping, Mg occupation will break 
the symmetry of TaTa–TaLi and form TaTa–MgLi. Obviously, 
the newly formed asymmetric structure enhances the dipole 
moment. Considering the influence of both the oxygen octahe­
dron and Ta/Li/Ta complex to Mg occupation, the reduction of 
permittivity is limited. However, in heavy doping process, the 
complex behaves differently. Since TaTaO6 is located between 
Li ions, Mg occupation dramatically reduces the asymmetry 
from LiLi–TaTa to LiLi–MgTa structure. Thus, in this case, the 
dopant decreases the permittivity significantly.

3.7. Figures of merit

After measuring and analyzing the specific heat capacity, 
pyroelectric coefficient, relative permittivity and dielectric 
loss, finally, two types of FoMs (FV, FD) can be calculated 
via equations  (1) and (2). Figures 5(a) and (b) show the FV 
and FD of seven samples at different working temperatures, 
respectively. Since pyroelectric and dielectric properties are 

affected dramatically by temperature and dopant, the FV 
and FD behave differently. Specifically, in figure  5(a), FV 
decreases weakly when the doping concentration is below 
3 mol%, then, it increases and reaches the highest value 
in 5­LT. Also, due to the crucial effect of temperature on 
di electric property and pyroelectric coefficient, the value of 
FV increases with temper ature. In particular, at high temper­
ature, the FV (5 mol%) is improved more than ten times to 
CLT. Then, from figure 5(b), we see that the initial Mg doping 
(ranges from 0–3 mol%) is detrimental to FD. However, the 
FD of 4­LT and 5­LT are nearly double that of CLT. Finally, as 
the doping concentration reaches 6 mol%, FD decreases again. 
This wave­shaped FD variation is mainly due to the compe­
tition between the dielectric and pyroelectric improvements. 
Table 1 shows the summary of the electrical parameters and 
FoMs for various pyroelectric materials. Obviously, the out­
standing FV and FD for 5­LT represents remarkable potential 
pyroelectric device application. For instance, in our work, 
the FV is 20 and 11 times greater than CLN and Zr:LN [22]. 
Compared with the newly produced Fe:KLTN single crystal 
[36], the FV is enhanced 77 times. Moreover, even compared 
with PVDF, SBN­50 and TGS [11], the FV of 5­LT shows 

Figure 5. The voltage responsivity (FV) and specific detectivity 
(FD) versus various doping concentrations under different 
temperatures.
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18, 26 and 4 times improvement, respectively. Similarly, with 
respect to specific detectivity, when compared with traditional 
pyroelectric materials such as PVDF, SBN­50 and TGS, the 
FD is enhanced 33, 4 and 5 times [11]; compared with CLN 
and 2 mol% Zr:LN, the FD of Mg:LT shows ten and twofold 
improvement [22]; and even 34 times more than Fe:KLTN 
[36]. These exciting improvements of FoMs prove the great 
potential of Mg:LT single crystals in pyroelectric transducers.

4. Conclusions

In conclusion, our work assesses the outstanding pyroelectric 
figures of merit of Mg:LT. The general tendency of permit­
tivity and pyroelectric coefficient is revealed by the location 
analysis of MgO. Specifically, these intrinsic electrical param­
eters decrease with MgO doping from 0 to 3 mol%, but reach 
the highest value of 4 mol%, and then decrease again in more 
heavily doped samples. The 5 mol% Mg:LT single crystal 
provides the best FoMs (FV and FD), which are enhanced ten 
and twofold compared to undoped LT. Moreover, the positive 
effect of doping on Curie temperature also contributes to a 
broadening of the LT thermal application.
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