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Abstract

There is disagreement concerning the effect superlattice period has on thermal 

conductivity. Accordingly, Bi2Te3/Sb2Te3 and Bi2Te3/TiTe2/Sb2Te3 superlattices were 

synthesized to determine whether differing thicknesses of the layering structure affected 

thermal conductivity significantly. In the Bi2Te3/Sb2Te3 superlattice, the two components 

were found to interdiffuse slightly upon annealing rather than crystallizing ideally. 

Consequently, the research shifted to include a TiTe2 barrier between Bi2Te3 and Sb2Te3. 

Calibration of the new system resulted in more ideal crystalline structure following 

annealing. Once fully calibrated, this titanium barrier system could be subjected to 

thermal conductivity analysis.

Introduction

It is well known that superlattices based on good thermoelectric compounds are 

ideal for thermoelectric devices.1 Bi2Te3 is one of the best thermoelectric materials, with a 

high figure of merit (see below).2 Not only do the components of the superlattice matter, 

but their preparation also plays a significant role in the properties exhibited. Physical

properties and chemical reactivity change in systems based on a nanometer scale, and

3these properties can be customized based on changing thicknesses of the components. 

While the thicknesses and relative abundances of components play the most important 

role in the synthesis of superlattices, the annealing procedure also affects the final 

product, with post deposition annealing resulting in ideal crystalline orientation and 

therefore improved physical properties.4 It is important that annealing occur after ambient 

temperature deposition in order to minimize interdiffusion of the two components.1
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Optimal annealing occurs at lower temperatures, which results in nucleation and 

continued growth along the interface of the two components, with high temperature 

annealing occurring afterwards in order to eliminate defects?

Efficiency of a thermoelectric device is measured using the thermoelectric figure

of merit, ZT, where ZT = ^-^-T and a is the Seebeck coefficient, a is the electrical 
AT

conductivity, iris the thermal conductivity, and T is the absolute temperature. Until 

recently, thermoelectric devices have been unable to achieve ZT values higher than 1, 

which makes them industrially unacceptable due to their inefficiency? This inefficiency 

exists because heat pumped by the device easily flows back through the material to the 

cold side. Decreasing thermal conductivity of the material would prevent heat flow, 

which would result in an effective heat gradient. The highest ZT value reported is 2.4 for 

a Bi2Te3/Sb2Te3 superlattice.5 Superlattices could potentially make very effective 

thermoelectric materials because they have lower thermal conductivity than current 

thermoelectric devices without sacrificing electrical conductivity. This is due to layering 

mismatch that prevents heat-carrying phonons, which are reflected at the interface due to 

discontinuity, from passing through the superlattice.6

Thermoelectric devices function by passing a current through two dissimilar 

materials. Heat is effectively pumped to one side of the device by the moving electrons in 

what is called the Peltier effect. Alternatively, a thermal gradient can create a voltage in 

the Seebeck effect. Even though superlattices have been proven to be more effective 

thermoelectric materials than bulk alloy materials, there is disagreement over the
1 7importance of superlattice component thickness and which devices are most effective. ’ 

Venkatasubramanian et al. showed that thermal conductivity was minimized at moderate
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superlattice periods (50-60 angstroms), but that differing component thicknesses did not 

significantly affect thermal conductivity.7 Alternatively, Bottner et al. proposed that 

decreasing the thickness of individual layers would reduce the thermal conductivity of the 

superlattice as a whole.1 Accordingly, this research focused on Bi2Te3/Sb2Te3 and 

Bi2Te3/TiTe2/Sb2Te3 superlattices to determine whether differing thicknesses of the 

layering structure affected thermal conductivity significantly. It was hypothesized that 

varying the reactants used for the superlattice as well as thicknesses of the individual 

components of the superlattice material would affect the thermal conductivity of the 

entire superlattice.
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Experimental

Myungkeun and Johnson3 and Harris et al.4 served as the foundation for the 

materials and methods used in the synthesis of the superlattices. The deposition 

techniques reported in these papers are very similar to those used in this study. A custom- 

built high-vacuum deposition chamber was used to make the superlattice precursors, with 

the pressure of the chamber during deposition in the range of 1 O’7 torr. Effusion cells and 

electron beam guns vaporized the bismuth, tellurium, antimony, and titanium metals to be 

deposited on silicon substrates. Crystal monitors detected the amount of metal deposited 

and were linked with a computer deposition program. This program controlled shutters 

that regulated the deposition of each metal onto the substrates. After the samples were 

made in the deposition chamber, low and high angle X-ray diffraction (XRD) data were 

taken using a Bruker D8 Discover Thin Film Diffractometer. This was done to determine 

the “as deposited” layer thicknesses and could later be used for studies of crystalline

structure.

The Bi2Te3/Sb2Te3 superlattices were heated at 200°C for 15 minutes in an oven 

while the Bi2Te3/TiTe2/Sb2Te3 superlattices were heated at 250°C for 5 minutes on a hot 

plate designed to heat the silicon substrate much faster. Sample storage and annealing 

occurred in a nitrogen glove box to prevent oxide formation. Low angle and high angle 

XRD data were taken for the annealed samples to determine the extent of crystalline 

structure that developed. Superlattice d-spacings of each sample could be calculated from 

these low and high angle spectra.

The Bi2Te3/Sb2Te3 superlattice precursors were made as described in Harris et al4 

except that titanium was replaced by antimony. The Bi2Te3/TiTe2/Sb2Te3 followed the
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same general approach, except the superlattice had four components instead of three, so 

rather than alternating two different layers, three different layers were used. A layer of 

TiTe2 was followed by a layer of Bi2Te3, then another layer of TiTe2, and finally a layer 

of Sb2Te3. This four-layer system was repeated, three to seven times, depending on the 

thicknesses desired for each superlattice.

Three calibration series were prepared in order to optimize the thickness of each 

individual layer. Sb2Te3 was the first layer to be calibrated, with the number of layer 

repeats varied from 1-6. [(TiTe2)3(Sb2Te3)x(TiTe2)3(Bi2Te3)3] is the superlattice with the 

bold type indicating which component was calibrated, while X denotes the variable 

number of repeats. The same calibration procedure was followed for both TiTe2, giving a 

superlattice set of [(TiTe2)x(Sb2Te3)3(TiTe2)x(Bi2Te3)3], and Bi2Te3, which was denoted 

as [(TiTe2)3(Sb2Te3)3(TiTe2)3(Bi2Te3)x]. XRD data were taken for each superlattice 

before and after annealing. Thicknesses of each superlattice and a calibration curve for 

each of the three varied systems could be calculated based on the thickness data.
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Results

Annealing Results

Many different superlattice precursors and superlattices were made, but only 

those ideal for study are included in the results. The annealing results of a 

(Bi2Te3)3(Sb2Te3)3 superlattice are shown with low angle XRD scans (Fig. 1) and high 

angle XRD scans (Fig. 2). “As deposited” means XRD scans were made before any 

annealing occurred. Stage peaks resulting from the sample stage of the diffractometer and 

the actual Bi2Te3/Sb2Te3 peaks are labeled separately in figure 2.

300°C

250°C

200°C

150°C

100°C

as deposited

Fig. 1: Low angle XRD annealing results for (Bi2Te3)3(Sb2Te3)3. Samples were 
annealed for 15 minutes at each of the listed temperatures.
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Fig. 2: High angle XRD annealing results for (Bi2Te3)3(Sb2Te3)3. Samples were 

annealed for 15 minutes at each of the listed temperatures.

The low angle data (Fig. 3) and high angle data (Fig. 4) from the XRD annealing study 

are shown for a [(TiTe2)3(Sb2Te3)3(TiTe2)3(Bi2Te3)3] superlattice. Stage peaks, 

Bi2Te3/Sb2Te3 peaks, and TiTe2 peaks are labeled in figure 4.
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Fig. 3: Low angle XRD annealing results for [(TiTe2)3(Sb2Te3)3(TiTe2)3(Bi2Te3)3] 

Annealing occurred for 10 minutes at each temperature.
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Fig. 4: High angle XRD annealing results for [(TiTe2)3(Sb2Te3)3(TiTe2)3(Bi2Te3)3] 
Annealing occurred for 10 minutes at each temperature.
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Calibration of the Titanium Superlattice

For the calibration of the Sb2Te3 layer of the titanium barrier system, the predicted 

thickness change for each Sb2Te3 repeat was 10A, and the rest of the superlattice was 

predicted to be 69A thick. It was determined in the calibration plot (Fig. 5) that the actual 

thickness change for the Sb2Te3 layer was 9.8A and that the rest of the superlattice was 

72.2A thick.

Fig. 5: Linear regression of superlattice period vs. number of Sb-Te repeats 

In the calibration plot for the TiTe2 component (Fig. 6), each TiTe2 layer was predicted to 

increase by 6 A per repeat, but actually increased by 7.1 A. The rest of the superlattice 

was 59.8 A thick instead of the predicted 61A thickness.

Fig. 6: Linear regression of superlattice period vs. number of Ti-Te repeats
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For the calibration of the Bi2Te3 (Fig. 7), the predicted thickness change was 10A, and 

the actual thickness was 9.9A. The rest of the superlattice thickness was 72.4A instead of 

the predicted 69A.

Fig. 7: Linear regression of superlattice period vs. number of Bi-Te repeats

Five high angle XRD scans of different samples made during the calibration process are 

shown (Fig. 8). Each of these samples was made in the deposition chamber using the 

same relative element amounts, thicknesses, and superlattice periods. Two of these 

samples were prepared by a coworker as part of another calibration set.
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Fig. 8: High angle XRD of a reproduced [(TiTe2)3(Sb2Te3)3(TiTe2)3(Bi2Te3)3] 
superlattice
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Discussion

Originally Bi2Te3/Sb2Te3 superlattices were made and annealing and XRD studies 

were performed. Unfortunately, these superlattices had only one Bragg peak in the low 

angle X-ray scans, and the two components were found to interdiffuse slightly upon 

annealing rather than crystallizing immediately. A larger number of Bragg peaks would 

have allowed for statistical analysis of the superlattice period rather than relying on only 

one data point for the calculations. Based on the initial annealing study, it was determined 

that 200°C was the ideal temperature when annealing occurred for 15 minutes because it 

gave the sharpest defined peaks without too much peak broadening in the high angle 

XRD scans (Fig. 2). Peak broadening is believed to be due to the layers being less 

uniform, most likely resulting from interdiffusion.

The interdiffusion that occurred is shown best in the low angle XRD scan (Fig. 1). 

As the annealing temperature is increased, the first Bragg peak disappears due to the loss 

of the initial ordered structure as deposited. The component boundaries diffuse together 

slightly rather than staying separate before crystallization. At 150°C, a Bragg peak occurs 

around 9 on the 2-Theta scale of the low angle XRD scans. Many Bragg peaks also 

appear at 150°C in the high angle XRD scans. The Bragg peaks continue to grow as 

annealing continues at higher temperatures, but they broaden at the base as well rather 

than remaining sharp. This is due to each separate layer of the superlattice losing its 

defined boundaries. Further studies on the interdiffusion of this system need to occur in

order to determine the extent of combination of the different components.

Because the Bi2Te3/Sb2Te3 superlattices only diffused together slightly rather than 

crystallizing perfectly throughout each layer, the research shifted to a new system with a
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TiTe2 barrier between the Bi2Te3 and Sb2Te3. TiTe2 was chosen since neither Bi2Te3 nor 

Sb2Te3 is soluble in TiTe2. This new system had more Bragg peaks in the low angle XRD 

scans, and they remained even when the sample was annealed at higher temperatures 

since the TiTe2 barrier prevented the interdiffusion of the other two components, as seen 

in figure 3. More accurate determination of thickness was possible due to the multiple 

peaks as well. This new system allowed for better calibration of both the Bi2Te3 and 

Sb2Te3 components based on the ability to more accurately calculate the layer 

thicknesses. A more calibrated system should show better results regarding interdiffusion 

and crystallization through annealing.

In the annealing study of the three-component system, it was determined that the 

superlattice begins to fall apart above 350°C (Fig. 4). At 400°C, the ordered crystallinity 

that had been present in the high angle XRD data was absent. At these high temperatures, 

the different components either melt or diffuse rapidly together, resulting in the 

destruction of the superlattice. Because of this, 250°C was chosen as the ideal annealing 

temperature when the Bi2Te3/TiTe2/Sb2Te3 samples were annealed for five minutes. This 

annealing method gave the greatest number of sharp, defined peaks, which meant the 

sample was more uniformly crystallized.

One of the major tasks for the TiTe2 barrier system was optimizing the thickness 

of the three components. The number of repeats of each component was varied 

individually in order to accomplish this. When the superlattice period versus the number 

of repeats was graphed, a linear regression line gave the thickness change of the 

superlattice per repeat and the total thickness of the unvaried components. While the 

Sb2Te3 (Fig. 5) and Bi2Te3 (Fig. 7) components matched the calculated values, the TiTe2
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component (Fig. 6) was determined to be an angstrom too thick per repeat. Optimization 

will result in a more ideal crystalline structure with more intense Bragg peaks in the high 

angle XRD scans.

The deposition technique used for both systems generates easily reproducible 

results. Two previous samples of the Bi2Te3/TiTe2/Sb2Te3 superlattices were deposited 

prior to this study. During the calibration runs, three more samples of this same 

superlattice were made. Each sample had the same thickness settings as the original two, 

and was made on different days. All five samples yielded the same high angle XRD scans 

and superlattice periods (Fig. 8). The slight differences in the scans are due to the sample 

stage of the XRD instrument and had nothing to do with the actual samples. As for the 

superlattice periods, the calculated values were all 101.9±0.3A. This is very accurate 

considering the small scale of the distance between layers. These results suggest that the 

deposition method is repeatable.

Future work includes finishing the optimization of the Bi2Te3/TiTe2/Sb2Te3 

superlattices and testing the interdiffusion of the original Bi2Te3/Sb2Te3 samples. Using

the new calibrated thicknesses of the Bi2Te3 and Sb2Te3 from the Bi2Te3/TiTe2/Sb2Te3

system will allow for recalibration of the Bi2Te3/Sb2Te3 system, which may result in 

better crystallization and less interdiffusion. Most importantly, with calibrated systems it 

will be possible to test the thermal conductivities of superlattices made with varied 

component thicknesses. This thermal conductivity data will allow for acceptance or 

rejection of the original hypothesis and might indicate whether or not varied component 

thicknesses affect thermal conductivity of superlattices. These results can then be related 

to both the Venkatasubramanian and Bottner studies to confirm which superlattice
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thermal conductivity conclusion is correct. If the thermal conductivity of the superlattice 

does not change with a variable superlattice period, this result would indicate that thermal 

conductivity is static in supperlattices as Venkatasubramanian et alJ stated. 

Alternatively, a decreasing thermal conductivity corresponding with a decrease in 

superlattice period would indicate that thermal conductivity is tunable as Bottner et al.1 

suggested. If this is the case, all that will be necessary for minimized thermal 

conductivity is an infinitesimally small superlattice period.
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