
Enhancing the thermoelectric figure of merit through the reduction of bipolar thermal
conductivity with heterostructure barriers
Je-Hyeong Bahk and Ali Shakouri 

 
Citation: Applied Physics Letters 105, 052106 (2014); doi: 10.1063/1.4892653 
View online: http://dx.doi.org/10.1063/1.4892653 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/5?ver=pdfcov 
Published by the AIP Publishing 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.211.178.1 On: Wed, 06 Aug 2014 14:19:15

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1691523420/x01/AIP/JAP_HA_JAPCovAd_1640banner_07_01_2014/AIP-2161_JAP_Editor_1640x440r2.jpg/4f6b43656e314e392f6534414369774f?x
http://scitation.aip.org/search?value1=Je-Hyeong+Bahk&option1=author
http://scitation.aip.org/search?value1=Ali+Shakouri&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4892653
http://scitation.aip.org/content/aip/journal/apl/105/5?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov


Enhancing the thermoelectric figure of merit through the reduction of bipolar
thermal conductivity with heterostructure barriers

Je-Hyeong Bahka) and Ali Shakouri
Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA

(Received 24 February 2014; accepted 28 July 2014; published online 6 August 2014)

In this paper, we present theoretically that the thermoelectric figure of merit for a semiconductor

material with a small band gap can be significantly enhanced near the intrinsic doping regime at

high temperatures via the suppression of bipolar thermal conductivity when the minority carriers

are selectively blocked by heterostructure barriers. This scheme is particularly effective in

nanostructured materials where the lattice thermal conductivity is lowered by increased phonon

scatterings at the boundaries, so that the electronic thermal conductivity including the bipolar term

is limiting the figure of merit zT. We show that zT can be enhanced to above 3 for p-type PbTe, and

above 2 for n-type PbTe at 900 K with minority carrier blocking, when the lattice thermal conduc-

tivity is as low as 0.3 W/m K. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892653]

Thermoelectric energy conversion is a viable solid-state

technology that can be used for improving fuel economy of

heat engines via low temperature waste heat recovery or

high temperature topping cycle applications.1,2 The energy

conversion efficiency of a thermoelectric device is directly

related to the material’s dimensionless thermoelectric figure

of merit, zT¼ S2rT/j, where S is Seebeck coefficient, r is

electrical conductivity, T is absolute temperature, and j is

total thermal conductivity. In the numerator, S2r is called the

power factor and is determined by electron and/or hole trans-

port in the material. The total thermal conductivity in the de-

nominator is the sum of the lattice and electronic

contributions given by j¼ jlþje. The electronic thermal

conductivity comprises the unipolar electronic thermal con-

ductivities of electrons and holes and the bipolar thermal

conductivity such that je¼jelecþ jholeþjbi.

Conventional thermal conductivity measurement techni-

ques3–5 cannot separate the electronic and lattice thermal con-

ductivities. For single carrier transport, the electronic thermal

conductivity is calculated by the Wiedemann-Franz relation6

and then subtracted from the measured total thermal conduc-

tivity to obtain the lattice thermal conductivity. The Lorenz

number used in the Wiedemann-Franz relation needs to be

adjusted from the conventional value (2.45� 10�8 W X K�2),

which is only valid in the degenerate limit or in metals, using

careful electron transport modeling, since the Lorenz number

is a function of band structure and Fermi level position.7,8

In the case of bipolar transport, a common method to

separate bipolar thermal conductivity from lattice thermal

conductivity is to perform a linear fitting of the total thermal

conductivity after the unipolar electronic terms are sub-

tracted, i.e., (jlþjbi) vs. 1/T at the intermediate temperature

regime where the bipolar term is negligible and the lattice

thermal conductivity has 1/T dependence due to Umklapp

processes. One can then identify the difference between the

(jlþjbi) curve and the extrapolated linear fitting line at high

temperatures to obtain the bipolar thermal conductivity.9

This method, however, can lead to a large error since even

a slight variation in the slope of the fitting line at the

intermediate temperature region can result in a large uncer-

tainty in the extracted bipolar thermal conductivity value at

high temperatures. Also lattice thermal conductivity does not

always follow �1/T since the phonon scattering is typically

a combination of several different scattering mechanisms

that have different temperature dependencies. Instead, both

bipolar and unipolar electronic thermal conductivities can be

accurately calculated using the Boltzmann transport equa-

tions with band structure information for both the conduction

and valence bands.10 Also noted is that at high temperatures

where bipolar thermal conductivity has a significant contri-

bution, it is important to minimize radiation losses or other

factors that can impact thermal conductivity measurements.

In the past decade, a significant reduction of lattice ther-

mal conductivity due to increased phonon scattering via

alloying and nanostructuring has been reported in various

nanostructured bulk materials.11–13 A very high zT� 2.2 was

recently reported for bulk spark-plasma-sintered Na-doped

PbTe:SrTe at 900 K, which the authors attributed to a signifi-

cant reduction in the lattice thermal conductivity by the all-

scale hierarchical material structures ranging from a few

nano-meters to micro-meters in size.14 Other nanostructured

PbTe-based alloys, such as PbTe1�xSex, PbTe:Ag2Te, and

PbTe:MTe (M¼Cd, Hg), also showed reduced lattice ther-

mal conductivity of 0.5–1.0 W/m K to achieve an enhanced

zT of 1.4–1.8 at 700–800 K.15–18 The n-type Mg2SnxSi1�x

alloys showed zT� 1.3 for x¼ 0.6� 0.7 at 700 K due to the

enhanced power factor by band convergence and the reduced

lattice thermal conductivity by alloying and inherent nano-

structuring.19 In these papers, however, the bipolar thermal

conductivity was not fully separated from the lattice thermal

conductivity, so the lattice thermal conductivity values may

be overestimated. In fact, accurate electron transport model-

ing based on the Boltzmann transport equation for the 2%

Na-doped PbTe samples in Ref. 8 showed that the bipolar

thermal conductivity was as large as 0.16 W/m K at 780 K,

which is more than 30% of the lattice thermal conductivity

(�0.5 W/m K). Also, the experimental thermal conductivity

data for Mg2SnxSi1�x alloys from Ref. 19 were later ana-

lyzed with a multiparabolic-band Boltzmann transport model

to find a bipolar thermal conductivity as high as 1.0 W/m Ka)Electronic mail: jbahk@purdue.edu
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at 800 K for the high Sn content sample (x¼ 0.8) even at a

very high doping density �2� 1020 cm�3 due to its small

band gap.20 It is essential, therefore, to apply careful electron

transport modeling in order to accurately extract lattice and

bipolar thermal conductivities.

Bipolar thermal conductivity originates from the bipolar

thermodiffusion process in the material and is given by21

jbi ¼
relecrhole

relec þ rhole

Selec � Sholeð Þ2T; (1)

where the subscripts, “elec” and “hole,” denote the partial

properties of electrons and holes, respectively. These partial

properties can be calculated by separating the transport

components occurring in the conduction band and the

valence band using, for example, Boltzmann transport cal-

culations. Equation (1) is approximately given near the

intrinsic regime by

jbi / exp � Eg

2kBT

� �
; (2)

where Eg is the band gap, and kB is the Boltzmann constant.

According to Eq. (2), the bipolar thermal conductivity

increases exponentially with increasing temperature at a

given doping density, and the smaller the band gap, the

larger the bipolar thermal conductivity. Also, the bipolar

thermal conductivity has a sharp peak at p¼ bn or

relec¼rhole in the intrinsic regime with varying carrier con-

centration at a given temperature, where b¼ lelec/lhole is the

mobility ratio between electrons and holes.

Fig. 1 shows the curve fitting results based on the elec-

tron transport modeling for the experimental data of the epi-

taxially grown p-type PbTe from Ref. 7 and the 2%

Na-doped nanostructured PbTe from Ref. 9. We used the lin-

earized Boltzmann transport equations under the relaxation

time approximation for the calculations.10 A multiple non-

parabolic band model with temperature-dependent parame-

ters was used to describe the band structure of PbTe.7,22,23

Both the L-valley and the R-valley in the Brillouin zone

were taken into account for the valence band. Recently, there

has been a controversy about the temperature-dependent

band offset between the two valence bands of PbTe.22,23 We

chose 700 K as the band convergence temperature in this pa-

per as suggested by Ref. 23. An online simulation tool for

these Boltzmann transport calculations is available at

nanoHUB.org.24

As shown in Fig. 1, the calculated Seebeck coefficients

agree very well with the experimental values for both PbTe

samples over the entire temperature range. In the calcula-

tions, a constant hole concentration of 5.2� 1018 cm�3 was

used for the epitaxial PbTe, whereas a temperature-

dependent carrier concentration was used for the nanostruc-

tured PbTe, i.e., 1.2� 1020 cm�3 at 300 K, which increases

steadily with temperature to 1.9� 1020 cm�3 at 900 K to

account for the increased diffusion of Na dopant atoms into

the matrix at higher temperature. The electrical conductiv-

ities of the epitaxial PbTe are very well fitted by the theory,

but the calculated electrical conductivities of the nanostruc-

tured PbTe are higher than the experimental values, which

imply that the carrier mobilities were reduced in the nano-

structured material due to increased defect and grain bound-

ary scatterings. The discrepancy between theory and

experiment, however, becomes smaller as temperature

increases, because the contribution of the additional scatter-

ings becomes much weaker at higher temperature due to the

increased phonon scattering. In Fig. 1, the calculated bipolar

thermal conductivity is also compared with the extracted

bipolar thermal conductivity by the linear extrapolation

method described above for the nanostructured PbTe. The

discrepancy between the calculated and extracted values can

be largely due to the uncertainty in the linear extrapolation

method. The bipolar thermal conductivity becomes as high

as 0.28 W/m K at 900 K in the p-type PbTe with

1.9� 1020 cm�3 hole concentration.

Alloying can increase the band gap and consequently

reduce the bipolar thermal conductivity according to Eq.

(2).25,26 However, the increased band gap by alloying typi-

cally accompanies the increased valley effective masses of

both types of carriers, which results in the reduction in the

electrical conductivity and thus the power factor.25 Instead,

band engineering is often utilized to increase the valley

degeneracy, i.e., via band convergence, to enhance the

Seebeck coefficient.16 However, it is not always easy to find

a bulk semiconductor material with an appropriate band

structure. This is the reason that heterostructures are

employed to modify the transport of electrons or holes.

Examples include type I and II superlattices used in semicon-

ductor laser diodes or IR photodetector devices.27 If a small

direct bandgap semiconductor with appropriate electrical,

optical, and mechanical properties existed, there would have

been no reason to build complex quantum cascade lasers that

emit in THz range.28 Since an appropriate bulk material does

not yet exist, researchers have used heterostructures in a

large band gap material to get the appropriate electron trans-

port and emission properties. In this paper, we show that a

similar approach could be an important research direction in

order to modify the bipolar thermal conductivity.

A significant suppression of bipolar transport is possible

when the minority carriers are prevented from participating

in conduction by incorporating heterostructure barriers in the

FIG. 1. Experimental Seebeck coefficients (left y-axis), electrical conductiv-

ities (first right y-axis), and bipolar thermal conductivities (second right

y-axis) for the epitaxially grown p-type PbTe with 5.2� 1018 cm�3 hole con-

centration from Ref. 7 and the 2% Na-doped nanostructured PbTe from Ref. 9

as a function of temperature and their corresponding fitting curves from our

Boltzmann transport modeling. Symbols are the experimental data and solid

curves are the fitting results.

052106-2 J.-H. Bahk and A. Shakouri Appl. Phys. Lett. 105, 052106 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.211.178.1 On: Wed, 06 Aug 2014 14:19:15



target material. The barriers must be one-sided such that

transport of majority carriers is not much affected by the het-

erostructures. This minority carrier blocking scheme is illus-

trated as a schematic band diagram in Fig. 2.29 Transport of

minority carriers, electrons in this case, is blocked by high

barriers formed by the heterostructures that have a large con-

duction band offset but a negligibly small valence band off-

set between the well and barrier materials. One example of

such a heterostructure could be p-type PbTe:SrTe system,30

in which SrTe has a relatively large band offset with PbTe in

the conduction band, while there is a negligibly small band

offset in the valence band. It is desirable to have the barrier

width large enough to prevent tunneling. The barriers can be

either planar as in superlattices or nonplanar with nanopar-

ticles dispersed in the bulk. Note that these barriers can also

help reduce the lattice thermal conductivity via increased

phonon scatterings at the boundaries or modification of pho-

non dispersion in the case of a periodic structure.11

In addition, it is important to address the requirement

for the average inter-barrier spacing for successful realiza-

tion of the minority carrier blocking scheme. If the inter-

barrier spacing is too large, i.e., much larger than the elec-

tron mean free path, transport between two adjacent barriers

is bulk-like. Bipolar transport with thermodiffusion phenom-

enon can occur similar to bulk in each of the segments

between barriers. If the inter-barrier spacing is on the order

of the electron mean free path, typically a few tens of nano-

meters, the bulk limit is broken, and minority carriers are

trapped within the nanoscale region between the barriers.

The bipolar thermodiffusion process that exchanges thermal

energies with the lattice via regeneration/recombination of

electron-hole pairs will not occur because there is no drive

for extra carrier regeneration or recombination with local mi-

nority carriers largely confined, thus resulting in the suppres-

sion of bipolar thermal conduction.

Fig. 3 shows the calculated thermoelectric transport

properties of p-type PbTe with minority carrier blocking as a

function of carrier concentrations at 900 K. Here, we

assumed a significantly high barrier (>10kBT) in the conduc-

tion band to effectively block most of the minority carrier

(electrons) transport even at low hole concentrations. A rela-

tively small barrier height (50 meV) is assumed for the

FIG. 2. Schematic band diagram of the proposed heterostructures for minor-

ity carrier blocking. Holes are majority carriers in this case. High barriers

are formed by a large band offset (>4–5 kBT) in the conduction band for

electron blocking, whereas almost no band offset in the valence band for

seamless conduction of majority holes through the hetero-interfaces.

Average inter-barrier spacing is required to be on the order of the electron

mean free path. Barriers can be either planar as superlattices or nonplanar as

nanoparticles embedded in a bulk material. Similarly, barriers in the valence

band can be used for n-type material. (see Ref. 29, where a similar band

structure is proposed for power factor enhancement.)

FIG. 3. Calculated (a) electronic thermal conductivity, (b) electrical conduc-

tivity, (c) Seebeck coefficient, and (d) power factor of p-type PbTe with mi-

nority carrier (electron) blocking as a function of hole concentration at

900 K. A very large barrier height (¼10kBT) was assumed for electrons, and

zero or a relatively small barrier height (EB¼ 0 and 50 meV) were assumed

for holes. Two barrier sizes (wB¼ 2 and 10 nm) were considered and the

modified transmission probability through the barriers was obtained using

the WKB approximation. Bulk properties are plotted together for

comparison.
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majority carriers, and two barrier sizes, 2 and 10 nm, are con-

sidered. These barriers impose modified transmission proba-

bility in the differential conductivity calculation determined

by the Wentzel-Kramers-Brillouin (WKB) approximation.31

The use of transmission probability by the WKB approxima-

tion is valid when the barrier size is thinner than the electron

energy relaxation length (10–30 nm) but larger than the elec-

tron de Broglie wavelength (a few nm). In this case, we are

in a regime where the properties of the composites can be

very different from each of the materials used in wells or

barriers and also different from the “average” alloy of the

two materials.

As shown in Fig. 3(a), when there is no minority block-

ing, the bipolar thermal conductivity has its maximum value

�1.3 W/m K at 2� 1019 cm�3 hole concentration for PbTe at

900 K. Note that the hole and electron concentrations are

mutually coupled with a single Fermi level in the band struc-

ture and are inversely proportional to each other at a given

temperature. As either the hole or electron concentration

increases to the right or left x-axis direction in Fig. 3(a),

respectively, the bipolar thermal conductivity steadily

decreases from the maximum point, since it is deviating

from the intrinsic region, whereas the unipolar electron or

hole thermal conductivities increase in proportion to their

corresponding carrier concentrations. Thus, there is a mini-

mum of the total bulk thermal conductivity �0.6 W/m K for

each majority carrier type. It is clearly shown in Fig. 3(a)

that the electronic thermal conductivity can be significantly

reduced in the intrinsic carrier region when the bipolar ther-

mal conduction is suppressed. The 2 nm barrier width allows

a small portion of minority carriers to transport via tunnel-

ing, so that there is non-negligible contribution from elec-

trons in the electronic thermal conductivity as well as in the

Seebeck coefficient at low hole concentration region.

The electrical conductivity is also reduced, since the

contribution of the other carrier type is suppressed as shown

in Fig. 3(b). The magnitude of the Seebeck coefficient is

greatly enhanced when the bipolar contribution is sup-

pressed; otherwise, the partial Seebeck coefficients of elec-

trons and holes would cancel each other through bipolar

transport as seen with the bulk curve in Fig. 3(c). As a result,

the power factor is enhanced in the intrinsic region as shown

in Fig. 3(d). However, near the optimal doping level for

maximum power factor, the power factor enhancement is

small because the corresponding optimal carrier concentra-

tion is quite far from the range of carrier concentrations

where the Seebeck coefficient is significantly enhanced by

the minority carrier blocking. It is also noted that at high

hole concentration region, the power factor is slightly

enhanced for the 50 meV barrier height in the majority car-

rier band due to the hot carrier energy filtering effect.32

We should point out some major differences between

minority carrier blocking and the hot carrier energy filtering

proposed to enhance the power factor.12 In order to com-

pletely block the minority carrier transport, a very high bar-

rier height is needed, whereas the energy filtering is to create

a sharp contrast in the transmission between high-energy ma-

jority carriers and low-energy ones at a desired energy level.

Thus, in the latter, the potential barrier must be very care-

fully designed, depending on the Fermi level position and

the temperature. Minority carrier blocking does not have

strict requirements for appropriate barrier height or lateral

momentum conservation.12,32

Fig. 4 presents the calculated figure of merit of PbTe

with minority carrier blocking at 900 K. A constant lattice

thermal conductivity of 0.3 W/m K was assumed for the cal-

culations. As shown in the figure, the figure of merit can be

greatly enhanced over the bulk maximum when the bipolar

transport is suppressed by the minority carrier blocking for

each type of carrier. For p-type PbTe, a maximum zT above

3.5 is possible at 1� 2� 1020 cm�3 hole concentration with

the minority carrier blocking (e-blocking) at 900 K when the

lattice thermal conductivity is 0.3 W/m K. This is a more

than 60% enhancement over the bulk maximum zT� 2.3 for

p-type PbTe. The optimal hole concentration is lowered with

the minority carrier blocking in order to take advantage of

the large reduction of electronic thermal conductivity at

lower electron concentrations near the intrinsic region.

For n-type PbTe, a similar approach can be taken with a

large barrier in the valence band and a much smaller barrier

in the conduction band for minority carrier blocking. A max-

imum zT above 2 is possible at 1–2� 1019 cm�3 electron

concentration (3–4� 1018 cm�3 hole concentration) by the

minority carrier blocking (h-blocking) at 900 K when the lat-

tice thermal conductivity is 0.3 W/m K. This is an about 90%

enhancement over the bulk maximum zT� 1.2 for n-type

PbTe. If the lattice thermal conductivity is higher, the zT
enhancement for both carrier types will be smaller because

the bipolar contribution in the total thermal conductivity

becomes relatively smaller. Still, a large zT� 2.8 is possible

for p-type PbTe, and a zT� 1.6 for n-type PbTe by the mi-

nority carrier blocking when the lattice thermal conductivity

is 0.5 W/m K according to the calculations.

FIG. 4. Calculated thermoelectric figure-of- merit zT of PbTe with the mi-

nority carrier blocking for each carrier type at 900 K as a function of hole

(bottom x-axis) and electron (top x-axis) concentrations. A very large barrier

height (¼10kBT) was assumed for minority carriers, and a relatively small

barrier height (EB¼ 0 and 50 meV) of 10 nm size was assumed for majority

carriers. A constant lattice thermal conductivity of 0.3 W/m K was assumed

in the calculations. Bulk values are also shown for comparison.
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In summary, our analysis in this paper highlights the im-

portance of bipolar thermal conductivity reduction for the

enhancement of thermoelectric figure of merit, particularly

in small band gap materials at high temperatures. Careful

electron transport modeling is required to accurately analyze

experimental thermal conductivity data which include both

lattice and electronic contributions. We propose the use of

heterostructures, either planar or nonplanar, that create high

barriers in the minority carrier band to suppress the detri-

mental bipolar effects. Usually, thermoelectric materials are

highly doped in order to prevent bipolar transport. If the mi-

nority carrier blocking is realized, as proposed in this paper,

a much lower carrier doping range can be utilized to achieve

a very large figure of merit.
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