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We present the thermoelectric figure-of-merit (ZT) improvement in nanostructured FeSb2 by Cu

nanoparticles of �5 nm as a modulation dopant. Because of the similar work functions between

FeSb2 and Cu and the high electrical conductivity of Cu, the Kondo insulator-like electrical

resistivity of FeSb2 at low temperatures was dramatically reduced. Both carrier concentration and

mobility of the nanocomposites were improved over pure FeSb2 without degrading the Seebeck

coefficient. Overall, an improvement of �90% in power factor was achieved for the optimized

nanocomposite FeSb2Cu0.045. Combined with the reduced thermal conductivity by Cu/FeSb2

interfaces, ZT was improved by �110%. These results clearly demonstrate the potential of

modulation doping to enhance the thermoelectric performance of FeSb2. A similar approach could

be applied to other Kondo insulators or previously known thermoelectric materials to improve ZT.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4808094]

Cryogenic cooling (�77 K) using thermoelectric materi-

als remains challenging so far, Kondo insulator and heavy fer-

mion systems, such as CeB6,1 YbAl3,2 FeSi,3 FeSb2,4–10 and

CrSb2 (Ref. 11) have been investigated for cryogenic cooling

applications. However, the figure-of-merit (ZT), which deter-

mines the cooling efficiency, is much lower than those ther-

moelectric materials working at or above room temperatures.

It is known that ZT ¼ ðs2r=jÞT, where S, r, j, and T are the

Seebeck coefficient, electrical conductivity, thermal conduc-

tivity, and absolute temperature, respectively. Due to the large

Seebeck S and high electrical conductivity r observed in

highly doped Kondo insulators and heavy fermions, large

power factors (PF) have been reported. For example, FeSb2

single crystals have a PF around 78� 10�4 W m�1 K�2 (Ref.

12) that is about twice the highest known PF when compared

to other systems though it decreases to 5.5� 10�4 W m�1 K�2

for poly-crystal samples.13 Most recently, it was reported

CrSb2 single crystal has S of �5000 lV K�1,11 and p-type

poly-crystal FeSi of �1200 lV K�1.3 In addition, doped

FeSe14 and CeCu6 (Ref. 15) have also received attention for

potential cryogenic application.

In addition to exploring new thermoelectric materials

for cryogenic cooling applications, new approaches or strat-

egies that can substantially improve the performance of the

existing thermoelectric materials are also compelling.

Recently, the approaches, such as nanostructures,13,16–18 res-

onant doping,19–21 band engineering at the Fermi level,22,23

modulation doping that provides more charge carriers for

higher electrical conductivity,24,25 as well as metal/semicon-

ductor interfacial engineering providing barrier to scatter

phonons or improve PF26–31 have been proved to be helpful

in several material systems. In the case of strongly correlated

materials, such as FeSb2, nanostructures have been proved to

be able to significantly increase ZT.6,7,13

In this report, inspired by the recent results, we achieved

in FeSb2�xAgx/Ag1�ySby nanocomposite by adding Ag

nanoparticles (NPs) into the system32 and our early work on

modulation doping in SiGe alloys,24,25 we found that modu-

lation doping approach substantially increases the ZT by

�110% through adding Cu NPs to make nanocomposite

FeSb2/Cu in which Cu nanoparticles act as the charge donor.

This is a clear demonstration of modulation doping since the

Cu does not diffuse into FeSb2, this is distinct from our ear-

lier study of SiGe alloys where significant amounts of B or P

diffused easily into the parent compound,24,25 which weak-

ened the role of modulation doping. Similar work functions

of the (100) planes in FeSb2 and Cu facilitate the electron

transfer from Cu to FeSb2 at their interfaces to increase the

electrical conductivity.

The FeSb2/Cux nanocomposites were synthesized by two

procedures. For the synthesis of nanocomposites with �5 nm

Cu nanoparticle inclusions, a total of 25 grams of Fe, Sb, and

Cu with the stoichiometry of FeSb2Cuy (y¼ 0.0225, 0.045,

and 0.09) were mixed and sealed in vacuum in a quartz tube.

Following a high temperature melt, quenching and 12 h of

ball milling as previously reported,13 3 g of the ball milled

powders with various amount of Cu nanoparticles (NPs) were

pressed at 200 �C and 80 MPa for 2 min using direct current

(dc) induced hot pressing method. For the synthesis of nano-

composites with �100 nm Cu nanoparticle inclusion, FeSb2

nanopowders were first prepared, then Cu NPs (�100 nm,

Aldrich) were added into the powder with a final nominal

composition of FeSb2Cu0.045. The mixed powders of �5 g

were further ball milled for 3 h. After this 3 h ball milling,

some of the �100 nm Cu particles may be milled to smaller

nanoparticles, but should still be larger than �5 nm. Disk

samples were prepared by the same method mentioned above.
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All the hot pressed samples with the same nominal

composition FeSb2Cu0.045, but different sizes of Cu NPs,

were characterized by high-resolution transmission electron

microscopy (HRTEM) (JEOL 2010 F) for detailed structure

and composition studies. The HRTEM samples were pre-

pared by hand grinding and then dispersed in methanol, and

the obtained suspension was dropped onto a typical carbon-

coated Au grid, which can be used for HRTEM observation

after drying. The edge area of the grains was selected for

observations.

The temperature dependent electrical resistivity (q),

Seebeck coefficient (S) and thermal conductivity (k) were

measured on a Physical Property Measurement System

(PPMS) from Quantum Design using the Thermal Transport

Option (TTO). Gold leads were soldered onto samples with

dimensions of 3� 3� 5 mm3. The normal 2-point TTO

option of the PPMS for transport measurements was used.

All the properties were measured in the direction perpendic-

ular to the hot pressing direction.

The schematic band alignment between FeSb2 and Cu,

and the structure of FeSb2Cuy nanocomposite are shown in

Figs. 1(a) and 1(b), respectively. Since FeSb2 is n-type semi-

conductor with a band gap of �28 meV,13 and its Fermi level

located at the conduction band edge, the difference between

the conduction band edge and vacuum level can be regarded

as the same as the work functions for FeSb2 at different crys-

tal orientations. The work functions of FeSb2 have been cal-

culated to be 4.514 eV for (001) plane, 4.852 eV for (010)

plane, and 4.723 eV for (100) plane.32 According to the

alignment of Fermi levels, the band bend for (001) and (010)

planes, leaving an energy barrier in the range of 0.15–0.2 eV

at their interfaces. However, due to the similar work func-

tions between the (100) plane and Cu, which is 4.7 eV, the

electron transfer between them would be much easier. It is

reasonable to expect that Cu NPs can donate electrons from

its conduction band to FeSb2, which will increase the carrier

concentration in the FeSb2 host. Based on our early study, it

appeared that the higher carrier concentration in nanostruc-

tured FeSb2 mostly originated from its high defect density as

compared to single crystal or micro sized samples.13 As a

result of the high defect density, the electrical conductivity

of the nano sized FeSb2 is significantly higher than the micro

sized poly-crystal samples in the low temperature range

(roughly �200 K), but the Seebeck coefficient is also signifi-

cantly lower, which makes the power factor much lower.

How to make the electrical conductivity in nanostructured

FeSb2 high without degrading the Seebeck coefficient is very

challenging. We realized that localized Cu NPs can provide

a large number of free electrons for higher electrical conduc-

tivity without changing the band structure of FeSb2 for high

Seebeck coefficient due to modulation doping similar to

what was observed in SiGe alloy system.24,25

Fig. 2 shows the TEM images for both samples with the

nominal composition of FeSb2Cu0.045. Figs. 2(a)–2(c) are for

the samples prepared by mixing FeSb2 nanopowder and

�100 nm Cu NPs, and Figs. 2(d) and 2(e) refer to samples in

which Cu was incorporated by high temperature alloying

resulting in very small Cu nanoparticles �5 nm. In Fig. 2(a),

we see the similar grain size and morphology for FeSb2 host

as we have shown in our previous reports.13,32 It can be seen

that the particle are composed of small size grains. Fig. 2(b)

shows EDS (Energy Dispersive X-ray Spectroscopy) analy-

sis of four selected areas. From regions A to D shown in Fig.

2(a), we see a transition from FeSb2 to Cu, regions B and C

are Cu dominated, and region D is approximately 200 nm,

showing a slight aggregate of Cu. This indicates that Cu NPs

are uniformly distributed in the composites. Region C in Fig.

2(a) is enlarged in Fig. 2(c), the measured lattice spacing

from HRTEM images are 0.22 nm and 0.19 nm, which can

be indexed to (111) and (200) planes of FCC Cu, respec-

tively. Inverse Fast Fourier transform (IFFT) of the lattice

image is also consistent with the Cu FCC structure with the

[011] zone axis orientation. In Figs. 2(d) and 2(e), we

observed that the size of Cu NPs is reduced to less than

�5 nm, while the FeSb2 kept the similar size and morphol-

ogy as that in Fig. 2(a). In terms of the volume ratio in both

cases, Cu is about 0.9% in the host. The lattice spacing mea-

surement and IFFT show that the �3� 3 nm particle located

at the edge area of FeSb2 grains is Cu, due to the small size,

EDS cannot focus on the Cu targets to confirm the composi-

tion. It is reasonable to assume that for the nanocomposites

with smaller Cu particles, the Cu was first uniformly melted

together with Fe and Sb when heated up to 1350 K. During

cooling, Cu precipitates out as isolated nanoparticles due to

the very limited solubility of Cu in FeSb2.

The measured TE properties are shown in Fig. 3. Fig.

3(a) shows temperature dependence of thermal conductivity

for all FeSb2Cuy composites as well as the pure nanostruc-

tured FeSb2. First, owing to the interfaces between Cu NPs

and FeSb2, reduced thermal conductivity was observed for

FIG. 1. Schematics of the band align-

ment between FeSb2 and Cu (a); distri-

bution of Cu NPs in the nanocomposite

(b), scale bar indicates that the grains of

FeSb2 are around 50 nm on average and

�5 nm for Cu NPs.
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FIG. 2. TEM image (a) for FeSb2Cu0.045

nanocomposite prepared by mixing

FeSb2 nanopowder and 100 nm Cu NPs;

(b) EDS for the selected zones in (a); (c)

HRTEM for zone C shown in (a), inset

shows IFFT for (c); (d) TEM image for

FeSb2Cu0.045 nanocomposite prepared

by melting Fe, Sb, and Cu at 1350 K and

solidifying; and (e) is the enlarged area

in (d), inset is the IFFT of the Cu nano-

particle area in (d).

FIG. 3. Thermoelectric properties of

FeSb2Cuy (y¼ 0, 0.0225, 0.045, 0.09)

samples: (a) temperature dependence of

thermal conductivity, inset shows the

measured thermal conductivity versus

Cu content at 60 K; (b) temperature de-

pendence of Seebeck coefficients; (c)

temperature dependence of electrical re-

sistivity, inset shows the peak Seebeck

coefficient versus electrical conductivity

at corresponding temperatures; (d) tem-

perature dependence of power factor,

inset shows the peak value of power fac-

tor at 60 K versus Cu content; and (e)

temperature dependence of ZT for FeSb2

and FeSb2Cuy nanocomposites.
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most samples. However, a notable difference between two

FeSb2Cu0.045 samples was found, the one with larger Cu NPs

(�100 nm) shows 20% lower thermal conductivity than that

of pure FeSb2 and 10% lower than the one with smaller Cu

NPs (�5 nm). The former is understandable due to the inter-

face phonon scattering, but the latter is very surprising and

hard to understand at the moment. We guess the most possi-

ble reason is the subtle porosity difference between the two

samples since our nanocomposites have relative density of

76% to 78%, as we have reported.32

As for all nanocomposites with �5 nm Cu NPs, it is

seen that with the increase of Cu content (inset of Fig. 3(a)),

thermal conductivity at 60 K decreased slowly to a minimum

of 0.39 W m�1 K�1 for FeSb2Cu0.045 from 0.44 W m�1 K�1

for the pure nanostructured FeSb2. We believe that this is

due to the phonon scattering at the interface of FeSb2 and

Cu. The minimum lattice thermal conductivity of FeSb2 was

reported to be 0.25 W m�1 K�1 at 60 K,33 indicating potential

for further thermal conductivity reduction. When the Cu vol-

ume ratio reaches 1.8% for sample FeSb2Cu0.09, thermal

conductivity becomes comparable to the pure nanostructured

FeSb2 and even larger below 50 K, which shows the contri-

bution of increased electron thermal conductivity outweighs

the decrease of the lattice thermal conductivity.

Seebeck coefficient results were shown in Fig. 3(b).

Interestingly, the Seebeck coefficient only slightly decreases

from �102 lV K�1 to �93 lV K�1 even though the electri-

cal conductivity is increased by a factor of �2 as shown is

Fig. 3(c) for the FeSb2Cu0.045 sample with �5 nm Cu NPs

comparing to pure FeSb2. The relatively high Seebeck coeffi-

cients at different concentrations of Cu nanoparticles can be

understood as the result of modulation doping since the ma-

trix FeSb2 is not significantly affected.

Regarding the electrical conductivity shown in Fig. 3(c),

we have achieved significant improvement by incorporating

Cu NPs to the nanostructured FeSb2. First, as temperature

decreases, all the samples incorporated with Cu NPs show

reduced electrical resistivity with metal-like features below

100 K compared to pure FeSb2. Increasing the Cu content

leads to reduced resistivity, while sample FeSb2Cu0.09 has

the lowest resistivity. Clearly the FeSb2Cu0.045 sample hav-

ing �5 nm Cu NPs is more conductive than the samples with

�100 nm Cu NPs, probably due to better electron transfer

from Cu to FeSb2 when Cu is smaller and well dispersed in

FeSb2. Inset in Fig. 3(c) shows a peak Seebeck coefficient

dependence of electrical conductivity for all nanocomposites

with �5 nm Cu NPs inclusion.

Because of the increased electrical conductivity and

slightly reduced Seebeck coefficient for the FeSb2Cuy nano-

composites, we observe a significant power factor PF
improvement below 200 K for all Cu NPs incorporated

nanocomposites compared to pure FeSb2. As can be seen

from Fig. 3(d)), a maximum PF � 1.64� 10�4 W m�1 K�2

at 60 K was obtained for FeSb2Cu0.0225 before decreasing to

1.39� 10�4 W m�1 K�2 for FeSb2Cu0.045. Such a large

improvement (�90%) over the pure FeSb2 is comparable

with the results achieved by other approaches such as reso-

nant doping,19–21 band engineering,22,23 and modulation

doping.24,25 Combined with the slight decrease of thermal

conductivity shown in Fig. 3(a), ZT of �0.027 has been

achieved, that is �110% enhancement over �0.013

achieved in the nanostructured pure FeSb2 at 60 K.

In summary, we observed the figure-of-merit (ZT)

improvement in nanostructured FeSb2Cuy by modulation

doping of Cu nanoparticles. Because of the favorable work

functions between FeSb2 and Cu nanoparticles, and the high

electrical conductivity of Cu, the insulator-like electrical re-

sistivity for FeSb2 at low temperatures was reduced. It was

found that the power factor was improved by �90% and ZT
�110% for the optimized nanocomposite FeSb2Cu0.045 over

the nanostructured pure FeSb2. Our results suggest that a sim-

ilar strategy could be extended to other Kondo insulators to

enhance their TE properties if the modulation dopant does

not severely react with the matrix.
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