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EFFECT OF ATMOSPHERE ON DIELECTRIC PROPERTIES OF CALCIUM COPPER 
TITANATE CERAMICS 
 
Disna P. Samarakoon, Nirmal Govindaraju, and Raj N. Singh 
School of Materials Science & Engineering, Helmerich Advanced Technology Research Center, 
Oklahoma State University, Tulsa, OK 74106. 

 
ABSTRACT:  

The stability and reproducibility of dielectric properties displayed by calcium copper 
titanate (CCTO) ceramics can be of concern when they are used as capacitor dielectrics and energy 
storage applications. Highly irreproducible dielectric properties were observed for samples tested 
in ambient conditions suggesting that ambient played an important role on the stability of dielectric 
properties. Consequently, the effects of various atmospheric conditions such as air, moisture, and 
inertness of the atmosphere on dielectric properties were studied on dense and phase pure CCTO 
samples prepared by powder processing and sintering. Stable and reproducible impedance data 
were successfully achieved by testing the samples in dry N2. Especially, low frequency dielectric 
properties were greatly enhanced in dry ambient than in humid air. This new approach of 
characterizing dielectric properties of CCTO can be used to eliminate hysteresis due to ambient 
atmosphere and produce stable and reproducible properties. These results will be presented and 
discussed. 

 
INTRODUCTION  

Solid CaCu3Ti4O12 (CCTO) is a perovskite type with a large dielectric constant (ε′) of 104 - 
105 at room temperature (RT) that is capable of use in supercapacitors [1-3]. CCTO microstructure 
is electrically heterogeneous composed of semi-conducting grains and insulating boundaries (GBs) 
[4-6]. Origin of large-ε′ in polycrystalline CCTO has therefore been widely attributed to barrier 
layer capacitance effect originated at GBs in [7, 9].  Despite the large-ε′, value of dielectric loss 
(tan δ) <0.05 over a wide frequency range is still not achieved for CCTO and hence prevent its 
capacitor applications [10-11].  

Synthesis of CCTO with reduced tan δ while maintaining its large-ε′ is a challenge because 
dielectric properties of CCTO are closely related to its synthesis conditions [12-20] and 
microstructure [16, 21, 22]. Even when prepared by the same preparation conditions or with small 
changes in the processing, a wide variations of tan δ and ε′ values were reported for CCTO 
ceramics. This indicates that this material is still not well characterized to find out the reasons for 
large variations in its properties.  

Our preliminary experiments showed that dielectric properties of CCTO are very sensitive 
to ambient air atmosphere where the samples were kept while measuring the AC impedance 
irrespective of the sintering temperatures. In order to reliably use the CCTO materials as 
capacitors, its surrounding atmosphere dependent dielectric properties are necessary to eliminate 
or decrease. However, to the best of our knowledge, electrical properties of CCTO ceramics has 
not been systematically investigated in a controlled atmosphere. This may have led to reported 
data in the published literature that cannot be fully rationalized.  

In the light of these shortcomings, the current study investigated the effect of ambient 
atmosphere such as air, moisture, and inert conditions on the stability and reproducibility of the 
electrical properties displayed by CCTO ceramics and thereby eliminating inconsistent dielectric 
properties of measured samples. This work is a part of long term study on the dielectric properties 
of CCTO ceramics in both air and in a controlled environment to address these issues. Current 
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experiments focused on synthetization of CCTO ceramics and characterization microstctures and 
its dielectric properties.   

In the current experiments, the electrical properties such as complex impedance, ε′, tan δ, 
and DC resistance of the CCTO sample S1070 (sintered for 5 h at 1070°C in air) are measured in 
both air and dry N2 atmospheres. Electrical properties are characterized using AC impedance 
spectroscopy while CCTO samples were kept in controlled ambient air and dry atmospheres as a 
function of frequency (from 1 Hz to 4 MHz) and temperatures from (23°C to 225°C).  

We report highly irreproducible impedance spectra when the samples were kept in air at 
low temperatures. Interestingly, reproducible impedance spectra with a lowered tan δ were seen 
by switching the atmosphere from air to dry N2. Data are analyzed and presented with a 
consideration for more evidence of temperature and frequency dependency of dielectric properties 
in both the testing atmospheres. The presence of moisture in air and its influence on dielectric loss 
is also highlighted for observed changes. This study may provide an understanding of the important 
roles of surrounding atmosphere and sample preparation conditions on the stability of electrical 
response of polycrystalline CCTO ceramics. 

 
EXPERIMENTAL PROCEDURE 

Pure CCTO powder was synthesized by solid-state reaction using stoichiometric ratio of 
the high-purity CaCO3 (VWR, 99.95%), CuO (VWR, 99.7%), and TiO2 (Sigma-Aldrich, Anatase 
99.8%) raw materials. Calcination temperature of 850°C for 6 h in air was identified by 
thermogravimetric analysis (TGA, Netzsch STA 449 F1 Jupiter). Average particle size for all the 
calcined powders was measured as 500 nm using Malvern Zeta-sizer. Finely ground calcined 
powders were mixed with 0.5weight % PVB and was uniaxially pressed at 165 MPa into 13 mm 
diameter and 2.5 mm thick pellets. Additional information on processing can be found elsewhere 
[23, 24]. Phases present in the calcined powders and sintered sample at 1070°C for 5 h (S1070) in 
air were identified using X-ray diffraction analysis (XRD, Bruker AXS D8 Discover). Scanning 
Electron Microscopy (SEM) was used to identify the microstructure of the S1070 whereas density 
was determined using Archimedes method.  

Platinum electrodes were applied on to as-sintered pellets and were thermally cured at 
600°C for 2 h. Complex impedance spectra (Z*=Z′-j Z′′, where Z′ and Z′′ are real and imaginary 
parts) were measured in the frequency range from 1 Hz to 4 MHz with 100 mV AC by an 
impedance analyzer (Solartron 1260A) and dielectric interface (Solartron 1296). Measurements 
were carried out at various heat/cool cycles between 23°C and 225°C while keeping the S1070 in 
both air and dry N2 atmospheres. Firstly, the complex impedance of as-prepared sample was 
measured in air atmosphere. Secondly, the measuring environment was shifted by dry N2 while 
keeping the ambient pressure of 0.02-0.04 MPa inside the tube furnace. The S1070 was thermally 
treated by heating up to 400°C in N2 and evacuating for 30 mins at this temperature and its complex 
impedance was measured in N2. Leads/instrument impedance was separately measured and was 
subtracted from the data before interpretation.  

 
RESULTS  

The relative density of the sample S1070 was 4.669 ± 0.042 g/cc (94% of the theoretical 
density - 5.049 g/cm3). Signs of secondary phase segregation were relatively negligible as observed 
by XRD for calcined CCTO powders or sintered ceramics in Fig.1.  
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Fig.1. XRD patterns of CCTO calcined powders at 850°C for 6h and sintered ceramics at 

1070°C for 5h.  
 

SEM in Fig.2 is the polished surface of the S1070 shows a duplex nature microstructure. 
Some areas of S1070 microstructure shows no clear boundaries indicating an incomplete grain 
growth with large sized grains (<20 μm) while large number of smaller grains (~1 μm) segregated 
at the GBs.  

 

 
Fig.2. SEM micrograph of polished S1070 surface. 

 
Impedance spectra of the S1070 at 23°C in both air and N2 are shown in Fig.3 (a) and (b), 

respectively. As can be seen in Fig.3 (a), in ambient air, there is an inconsistency of the total 
impedance measured at 23°C (near to RT) at low frequency. However, when the measuring 
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environment was shifted from air to dry N2, irreproducibility was eliminated and stable impedance 
spectra could be seen.   

As shown in Fig.3 (b), the arcs related to bulk resistance of S1070, which is implied by the 
non-zero intercepts at high frequency, are coincident with each other despite the surrounding 
measuring atmospheres. This suggests negligible impedance change in the bulk of CCTO due to 
measuring atmosphere. It is also evident that only the low frequency impedance arcs measured in 
air at 23°C are very sensitive to testing atmosphere. Therefore, GBs and/or electrode sample 
contact layers seem to play an important role in controlling the complex impedance of CCTO 
measured in ambient air. After treating in N2, when the samples were left in air atmosphere and 
re-measured in air in ambient conditions, impedance spectra were again returned to their un-
predictable nature implying the instability when exposed to air atmosphere.  

 

 
Fig.3. (a) Impedance spectra of the same S1070 measured at 23°C in both air and N2 

atmospheres (b) is the corresponding high frequency data. 
 

Impedance spectra were further explored at high temperature from 23°C to 225°C in both 
air and N2 atmospheres. As can be seen in Fig. 4 (a) and (b), fully resolved semicircles were 
observed for the same S1070 at 58°C and at 89°C, respectively in both air and N2 atmospheres. 
The different curves in Fig.4 (a) and (b) are from the measurements done on the same sample 
repeatedly while heating and cooling cycles in air and N2 atmospheres. As depicted in Fig.4 (a)-
(b), S1070 shows a large deviation and irreproducibility of the total impedance when exposed to 
air even at higher measuring temperatures compared with the same sample measured in dry N2. 
Fully resolved semicircular arcs (not shown here) could be seen for the rest the high temperatures 
beyond 89°C until 225°C in both the atmospheres with no indication of electrode and sample 
contact related impedance arcs. Therefore, the impedance data were analyzed using modified 
Cole–Cole function derived for two parallel RC circuits connected in series to account for grain 
and GB regions, respectively [25]. DC resistance values were obtained by the intercept on the real 
axis, which is the diameter of each semi-circle. The capacitance (C) was determined by the 
maximum of each arc at which ωRC=1, where, ω=2πfmax is the angular frequency and fmax is the 
peak frequency [25]. 
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Fig.4. Impedance spectra of the same S1070 measured in both air and N2 atmospheres at (a) 

23°C and at (b) 89°C. 
 

The fitted values obtained for the same S1070 at various temperatures from 23°C to 225°C 
are shown in Table 1. Grain resistance, GB resistance, and GB capacitance are shown as Rg, Rgb, 
and Cgb, respectively. Rgb values at 23°C show a range of values in air whereas the same sample 
measured in N2 shows a relatively stable value. The total impedance (sum of Rgb and Rg) of 
S1070 measured at 23°C is decreasing rapidly when increasing the temperature to 225°C. 
Increasing the temperature beyond 114°C the changes were apparently negligible irrespective of 
the measuring atmosphere.  

Increasing the temperature has shifted the peak frequencies to higher frequencies implying 
the thermal activation of charge carriers. Large GB capacitance can be seen for S1070 at air 
atmosphere near 23°C. Interestingly, Cgb is relatively stable and temperature-independent in N2 
atmosphere at all the temperatures while it is stable in air atmosphere only beyond 89°C suggesting 
the role of moisture/air on the GB capacitance.  

 
Table 1. Fitted values of grain resistance (Rg), GB resistance (Rgb), GB capacitance (Cgb), and 
peak frequencies (fmax) in air and N2 atmospheres at various temperatures (Temp.) for the same 
CCTO sample S1070.  

Temp. 
(°C) 

S1070 in Air S1070 in N2 

fmax 
(Hz) 

Cgb 
(nF) 

Rgb 
(Ω) 

Rg 
(Ω) 

fmax 
(Hz) 

Cgb 
(nF) Rgb(Ω) Rg 

(Ω) 
23 1 5.2-9.8 (1.4-5.0)E+07 32 1 3.6 (3.1-3.2)E+07 31 
58 6 4.5-4.8 (5.9-7.0)E+06 17 6 3.6 3.8.E+06 20 

89 52 3.5 (0.8-1.0)E+06 14 43 3.5 (6.0-6.1)E+06 14 
114 207 3.4 (2.1-2.6)E+05 10 207 3.5 (1.6-1.7)E+05 11 

170 2374 3.5 (1.8-2.1)E+04 5 2374 3.9 1.5.E+04 6 
197 7042 3.5 (6.3-6.5)E+03 5 7042 3.7 (6.4-6.5)E+03 5 
225 18354 3.5 (2.4-2.6)E+03 4 18354 3.7 2.0.E+02 4 

           Advances in Ceramics for Environmental  Functional  Structural  and Energy Applications II                7



 
 

 
Since we could obtain the repeatable impedance data for S1070 in N2 atmosphere, DC 

resistance values of Rg and Rgb were further analyzed as a function of temperature. A linear 
relationship between DC resistance values ln (R) and 1000/T was displayed for S1070 when 
measured in dry N2 as shown in Fig.5. The DC conduction activation energy of grain and GBs are 
shown as Eg and Egb, respectively. A very large resistive behavior of GBs are represented by large 
activation energies when exposed to N2 atmosphere. However, grain activation energies are 
negligibly changed due to atmosphere. GB activation energies are comparable for the typical 
reported values 0.60 [26] and 0.678 eV [27] for CCTO. Activation energies for intra-grain 
conduction of this study are also closer to the reported values of 0.08 eV [26] and 0.084 eV [27].  

 

 
Fig.5. DC resistance of GB and grains in S1070 measured in N2 as a function of temperature. 

 
Fig.6 (a) and (b), respectively show the ε′ and tan δ measured as a function of frequency in 

both air and N2 atmospheres at 23°C. As depicted in Fig.6 (a), there is a strong dispersion with an 
irreproducible nature of large-ε′ when S1070 was kept in air. Interestingly, much larger 
irreproducible nature due to air atmosphere has been effectively was suppressed and merged into 
plateau region from ~100 Hz to 1 MHz when switching the atmosphere from air to N2. At 
frequencies >1 MHz, large-ε′ of S1070 shows a step-like decrease irrespective of the measuring 
atmosphere. Still a large-ε′ can be seen even after switching to N2 atmosphere without a visible 
anomaly.  

The frequency dependence of tan δ exhibits a minimum. Much smaller tan δ at 23°C in dry 
N2 than in air implies that mobile charges carrier in air atmosphere has been eliminated. As can 
be seen in Fig.6 (b), upon shifting the measuring atmosphere from air to N2, the large dispersion 
of tan δ at low frequencies (< 1 MHz) shows a relatively similar peak heights and shapes, which 
implies the stability of dielectric losses in N2.  
For S1070, tan δ is less than 0.1 in a wide range of frequencies from 100 Hz to ~100 kHz when 
exposed to N2. However, increase of tan δ values can be seen at frequencies >1 MHz and at <100 
Hz irrespective of the measuring atmosphere. Loss peak due to bulk relaxation at high frequencies 
(> 1 MHz) is unchanged despite the atmosphere. This implies that relaxation losses due to bulk of 
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CCTO are independent of the measuring atmosphere at 23°C while low frequency loses are 
sensitive to the measuring atmosphere.  

 

 
Fig.6. (a) Dielectric constant (ε′) and (b) tan δ for the same S1070 at 23°C in air and N2 

atmospheres.  
 

Table 2 shows the lowest values of tan δ with corresponding ε′ and frequencies for S1070 
when exposed to air and N2 atmospheres. As can be seen in Table 2, frequency at which the lowest 
tan δ is observed has been shifted toward low frequencies while further lowering the values of tan 
δ for S1070 when switching the atmosphere from air to N2 at 23°C. Upon increasing the 
temperature from 23°C to 114°C, value of ε′ related to lowest tan δ are relatively stable in N2 
atmosphere compared with the same in air. However, large-ε′ is retained even at high temperatures 
(114°C) in both the atmospheres indicating its temperature stability.  

 
Table 2. The lowest values of tan δ and corresponding dielectric constants (ε′) and frequencies for 
sample S1070 when exposed to both air and N2 atmospheres. 

Temp. 
°C 

tan δ Dielectric constant (ε′) Frequency (kHz) 
Air N2 Air N2 Air N2 

23 0.054 ± 0.016 0.015 ± 0.001 8,956 ± 216 8,841 ± 3 20 4 
58 0.015 ± 0.001 0.015 ± 0.000 8,709 ± 10 8,868 ± 6 7.1 6.3 
89 0.018 ± 0.000 0.020 ± 0.000 8,680 ± 14 8,856 ± 7 20 20 
114 0.027 ± 0.001 0.028 ± 0.000 8,678 ± 13 8,856 ± 7 40 40 

 
DISCUSSION 

Moisture absorption from atmospheric air should not be over-looked and could play a key 
role in controlling the dielectric properties of CCTO. Especially, the stability and reproducibility 
of dielectric properties displayed by CCTO ceramics is the most important concern, when they are 
used in capacitors.  

Humidity sensitivity of CCTO ceramics is recognized only by limited studies by one group 
[28, 29], demonstrated that the adsorption of water molecules can affect the potential barrier layer 
formed at the GBs [28, 29]. Adsorption of moisture on the oxide ceramics surface occurs by the 
reaction of water molecules with pre-adsorbed oxygen ion by creating surface hydroxyls (OH) 

           Advances in Ceramics for Environmental  Functional  Structural  and Energy Applications II                9



 
 

[30-32]. Chemisorbed OH can evolve to water vapor at 300-500°C [30, 31, 33]. Successive layers 
are physically adsorbed on the OH layer, which may provide the paths to dissolved ions in the air. 

The reason for producing reproducible impedance spectra in N2 in the current experiments 
can therefore be attributed to the removal of physically adsorbed water due to the thermal treatment 
of S1070 in dry N2 to evacuate the water vapor at 400°C. Our experiments showed that that there 
is a definite atmosphere effect on CCTO because when the samples were re-measured in air after 
treating them in N2, the unpredictable impedance spectra were again seen for S1070 at RT.  

Fitted data show that Rgb>>Rg, indicating that highly resistive barrier layers at GBs are 
dominating the overall DC resistance of the CCTO sample. On the other hand, highly conductive 
grains in S1070 indicates the presence of sufficient mobile charge carriers in the CCTO lattice 
[34]. This behavior is consistent with the behavior observed in CCTO ceramics by others [35]. 

 Duplex nature microstructures in S1070 can provide defects such as pores, GBs, which 
can respond differently to ambient moisture as reported for other humidity sensitive ceramics [36]. 
A dominant occupancy of large sized conductive grains and islands of smaller grains can provide 
heterogeneously distributed GBs, which can detour the electric current across the CCTO. When 
an external AC voltage is passed between conducting grains and insulating GBs, accumulation of 
charges at the highly resistive GBs can give rise to a large Cgb in the structure.  

Large-Rgb in S1070 despite the atmosphere can be attributed to large number of resistive 
GBs whereas Cgb implies the accumulation of charge carriers at GBs. Cgb is related to the 
effective dielectric constant (ε) by ε = Cgb/C0, where, C0 is the vacuum capacitance [37]. In the 
current experiments, for the same sample thickness with the same grain size, and same electrode 
material, the nature of absorption moisture in air on the GBs  are likely to have an impact on the 
charge separation. The low frequency dielectric properties of CCTO in the dry N2 can therefore be 
associated to the elimination of mobile ion species due to moisture on the GBs and defects. 

Some research work indicated a dramatic change of impedance measured near RT when 
CCTOs were aged in air [14, 38]. However, they haven’t reported the data in dry atmosphere [14, 
38]. Moreover, studies on both single and polycrystalline CCTO samples indicated a suppression 
of large-ε′ in air atmosphere [39-41].  

On the contrary, in our experiments, an increased-ε′ and large tan δ due to air atmosphere 
was seen while a stable and still large-ε′ with decreased tan δ were observed in dry N2 atmosphere. 
Increased mobile charge carriers due to humidity in air can increase the electrical conductivity 
leading to an increased tan δ values for the same S1070 [38, 42]. Increasing the surrounding 
temperature can decrease the atmosphere dependent electrical properties in CCTO because we did 
not see much larger variation of electrical impedance and GB capacitance beyond 89°C for S1070.  

In the current experiments, large-ε′ and large tan δ in air atmosphere can be explained by 
the relaxation of ionic conductivity associated with the adsorbed moisture on GBs and surfaces. In 
contact with adsorbed moisture, charge carriers may be free to move resulting in interfacial 
polarization as we observed in air atmosphere [43]. Removal of moist air and subsequent 
measurements in dry N2 can therefore decrease the surface/interface conductivity and can 
contribute to the reduced tan δ and stable large-ε′ of the present study. The increased-ε′ due to 
enhanced ionic and space charge polarization in air atmosphere can on the other hand cause an 
increased tan δ at a given frequency [43].  

For the same sample, the existence of low loss and stable-ε′ at low frequencies (<1 MHz) 
in N2 atmosphere could be related to the modification of the conductivity due to removal of ionic 
species at the insulating GBs. A large and stable ε′ even in N2 atmosphere in a large frequency 
range from 100 Hz to 1 MHz indirectly confirm that sample electrode contact polarization is not 
the relevant mechanism for large-ε′ in CCTO.  
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It is reported for oxide ceramics that even after evacuating the system at 500°C chemically 
absorbed moisture is difficult to eliminate [30,33]. In the current experiments, a small increase of 
ε′ below 100 Hz even in dry N2 could be attributed either to polarization of chemisorbed moisture, 
which couldn’t be eliminated completely or to electrode sample contact problem. 

The results from this study demonstrated that the testing environment needs to be 
controlled to eliminate hysteresis due to atmospheric effects to obtain stable and reproducible 
electrical properties in CCTO ceramics. Therefore, we suggest that large discrepancies of dielectric 
properties reported in the literature for CCTO cannot be solely due to its sensitivity to synthesis 
conditions but also possibly due its sensitivity to the ambient humidity. 

 
CONCLUSIONS 

In this study CCTO ceramics were synthesized at relatively low calcination temperatures 
(850°C/6h). Microstructure of sample sintered at 1070°C for 5 h in air (S1070) showed duplex 
nature. The factors such as testing environment, frequency of the applied electric field, and the 
temperatures on the electrical properties of S1070 are assessed to find the enhanced dielectric 
properties. The effect of humidity on the electrical impedance and dielectric properties in two 
different atmospheres, i.e. air and dry N2 was measured and compered. 

 Highly irreproducible and unpredictable impedance spectra were seen for the same S1070 
in air atmosphere at low temperatures (23°C-89°C).  

 Reproducible impedance spectra were obtained by switching the atmosphere from air to 
N2 after samples were thermally cleaned.  

 Fitted reproducible DC resistance values of grains and grain boundaries (GBs) in N2 
atmospheres showed that GBs are highly resistive and possess a large activation energy, 
which are thermally activated in the temperature range of 23°C and 225°C. Grain activation 
energy is much low, which reflects the semiconducting nature of CCTO. 

 The changes in the large-ε′ of the sintered sample is caused by the Cgb, which is changing 
due the differences in charge accumulation when exposed to air or dry N2 atmospheres.  

 For a given sample, an increased Cgb at 23°C in air than that in N2 can be associated with 
the modification of GBs due to humidity in the air. A clear decrease of tan δ values when 
the air atmosphere was replaced by dry N2.  

 The same sample indicates much larger minimum value of tan δ ~0.1 in air at 23°C than 
that in N2, which was 0.015 ± 0.001 with ε′ of 8,841 ± 3 at 4 kHz.  

 The minima values are relatively unchanged beyond 89°C due to the changes in the 
measuring atmosphere.  
These results suggest that repeatability of electrical properties of the same CCTO sample 

might be controlled by the sample storage or the pre-treatment atmospheres.  
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ABSTRACT 
An integrative approach is carried out utilizing piezoelectric and thermoelectric device sciences, 
computational modeling and engineering design/testing.  Numerical FEA simulation is used 
extensively to guide the frequency dependent transducer design, device fabrication and power 
electronics conversion.  The research is to develop modular hybrid integrated sensing and 
energy conversion (HISEC) unit with optimized energy density and power efficiency.  While 
electric power converted from roadways by a single unit (occupying an area of less than 0.1 m2) 
using piezoelectric or thermoelectric mechanism alone, is considered intermittent or inadequate 
for intended applications, the energy conversion integrations make it possible to have 
complementary and parallel modes of energy-harvesting from roadways to have a self-sustained 
power source that supports sensing and data transmission functions.  The evaluation and testing 
results obtained validated the design concept and are the base for further optimizations.  The 
HISEC module developed is independent of the power grid and with on-demand data 
monitoring and information transmitting capabilities, thus could play an enabling role in 
applications such as smart-roadways and smart-cities. 
 
1. INTRODUCTION 

Vehicles and semi-trucks commute on roadways 24 hours a day and 7 days a week 
throughout of the year. The weight of these vehicles puts tremendous stress onto the roads as the 
wheels pass and produce pressure waves that propagate and dissipate into the pavement. The 
presence of these waves can potentially be harvested for usable energy if a stress-responsive 
material is located on or beneath the surface of the road. The most attractive choice of such 
materials are piezoelectric (PZT in this case) ceramics that convert compressive mechanical 
stresses into electrical energy. Multiple transducer designs have been evaluated to determine the 
best candidate for mechanical to electrical energy conversions. 

The Texas environment can reach temperatures in excess of 110 degrees Fahrenheit 
during summer and around freezing during the winter. The surface of the roadway has a 
substantially different temperature than the ground a few inches below the surface. The presence 
of this temperature gradient allows for the possibility of harvesting energy from the difference in 
temperature. Such materials that convert thermal gradients into usable electrical energy are 
known as thermoelectric generators (TEG; in this case Bi2Te3).  In the thermoelectric (TE) 
effect, heat is converted into electrical energy based on the Seebeck effect, which is a constant 
temperature difference on two sides of dissimilar metals or semiconductors that can produce a 
steady electric current in a circular loop 
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