MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Dramatic thermal conductivity reduction
by nanostructures for large increase in
thermoelectric figure-of-merit of FeSb[subscript 2]

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Zhao, Huaizhou et al. “Dramatic Thermal Conductivity Reduction by Nanostructures
for Large Increase in Thermoelectric Figure-of-merit of FeSb2.” Applied Physics Letters 99.16
(2011): 163101. © 2011 American Institute of Physics

As Published: http://dx.doi.org/10.1063/1.3651757
Publisher: American Institute of Physics (AIP)
Persistent URL: http://hdl.handle.net/1721.1/78255

Version: Final published version: final published article, as it appeared in a journal, conference
proceedings, or other formally published context

Terms of Use: Article is made available in accordance with the publisher’s policy and may be
subject to US copyright law. Please refer to the publisher's site for terms of use.

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/78255

Applied Physics
Letters

Dramatic thermal conductivity reduction by nanoétrubturés for large
increase in thermoelectric figure-of-merit of FeSb2

Huaizhou Zhao, Mani Pokharel, Gaohua Zhu, Shuo Chen, Kevin Lukas et al.

Citation: Appl. Phys. Lett. 99, 163101 (2011); doi: 10.1063/1.3651757
View online: http://dx.doi.org/10.1063/1.3651757

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v99/i16
Published by the American Institute of Physics.

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT
7 1pm-thick LPCVD
\‘ Ve SURFACES AND
. . L : INTERFACES
Ap pl Ied Physlcs ; Focusing on physmal,chenrﬁical’biolugircal.
Letters B e, o ..

EXPLORE WHAT'S ] NENERGY CONVERSION

N EW I N Ap L ! :, 4  Focusing on all aspects of static and dynamic
il i — energy conversion, energy storage, photovoltaics,
solar fuels, batteries, capacitors, thermoelectrics,

SUBMIT YOUR PAPER NOW! b > and more...

Downloaded 29 Mar 2013 to 18.51.3.76. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1836238999/x01/AIP/HA_Explore_APLCovAd_1640x440_Nov2012/APL_HouseAd_1640_x_440_r2_v1.jpg/7744715775302b784f4d774142526b39?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Huaizhou Zhao&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Mani Pokharel&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Gaohua Zhu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Shuo Chen&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Kevin Lukas&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3651757?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v99/i16?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 99, 163101 (2011)

Dramatic thermal conductivity reduction by nanostructures for large
increase in thermoelectric figure-of-merit of FeSb,

Huaizhou Zhao," Mani Pokharel,’ Gaohua Zhu," Shuo Chen,’ Kevin Lukas,' Qing Jie,’

Cyril Opeil," Gang Chen,? and Zhifeng Ren'?

'Department of Physics, Boston College, Chestnut Hill, Massachusetts 02467, USA
2Departmem of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge,

Massachusetts 02139, USA

(Received 12 August 2011; accepted 26 September 2011; published online 17 October 2011;

corrected 14 November 2011)

In this report, thermal conductivity reduction by more than three orders of magnitude over its single
crystal counterpart for the strongly correlated system FeSb, through a nanostructure approach was
presented, leading to a significant increase of thermoelectric figure-of-merit (ZT). For the samples
processed with the optimal parameters, the thermal conductivity reached 0.34 Wm~' K™™' at 50K,
leading to a ZT peak of about 0.013, compared to 0.005 for single crystal FeSb,, an increase of about
160%. This work suggests that nanostructure method is effective and can be possibly extended to other
strongly correlated low temperature thermoelectric materials, paving the way for future cryogenic
temperature cooling applications. © 2011 American Institute of Physics. [doi:10.1063/1.3651757]

Of the several strongly correlated semiconductors includ-
ing FeSi,! Ce3Bi4Pt3,2 and FeGag,,3 FeSb, has recently stimu-
lated extensive research efforts due to its colossal
thermopower (Seebeck coefficient, S) at 10 K.* The thermo-
power S of FeSb, single crystals is on the order of tens of mV
K~! which contributes to the very large power factor (PF) of
0.23Wm™! K72,4’5 about 40 times of the best thermoelectric
materials (Bi,Tes-based high-performance alloy ingots®”).
However, it is the figure of merit, Z:SZO'/K, where S is the
Seebeck coefficient, ¢ the electrical conductivity, and x the
thermal conductivity, which determines the overall efficiency.
To be practically useful, materials should have a dimension-
less figure-of-merit (ZT) around 1. However, FeSb, single
crystals have a peak ZT of around 0.005 at 12K due to a large
value of thermal conductivity of about 500 Wm ™' K> In
order for FeSb, to become a useful material for thermoelectric
cooling, ZT must be increased to a meaningful value.

The large lattice thermal conductivity of strongly corre-
lated materials such as FeSb, at low temperatures limits their
ZT. Zhang et al.® predicted that phonon size effects in nano-
structured strongly correlated materials can be exploited to
reduce phonon thermal conductivity while maintaining elec-
tron transport due to the long phonon mean free path and
short electron mean free path. For example, it was estimated
that single crystal FeSb, has an electron mean free path of
less than 10 nm at all temperatures with a phonon mean free
path around 40 um at 15K.° This large difference of mean
free paths allows the opportunity to tune the electrical and
thermal properties almost independently by either dop-
ing'®!'"" or nano-engineering the grain size."' In principle,
thermal conductivity suppression can be realized through
several different methods such as the introduction of impur-
ities, defects, or grain boundaries. Although substantial ther-
mal conductivity reduction was achieved by doping, no
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improvements in ZT were reported due to altered electron
transport properties in FeSb,.'%!!

Nanostructure approach has proven to be a very efficient
way to reduce the lattice contribution to the thermal conduc-
tivity in many thermoelectric material systems.'*”'> The
lower limit of the lattice thermal conductivity in FeSb, has
been calculated'® to be as low as 0.3Wm ™' K" at 50K
through the model proposed by Cahill e al.'” It will be
shown in this report that the thermal conductivity of nano-
structured FeSb, is drastically decreased leading to an
improvement in ZT.

The nanostructured FeSb, were synthesized by first in-
got formation through melting and solidification, and then
followed by ball milling and hot pressing with different proc-
essing parameters. Scanning electron microscopy (SEM,
JEOL 6340F) was used to investigate the grain size distribu-
tions of the above processed samples. Transmission electron
microscopy (TEM, JEOL 2010F) observation was performed
on the representative sample S15hr-200C. The electrical re-
sistivity (p), Seebeck Coefficient (S), thermal conductivity
(x), and Hall coefficient (Ry) were all measured on a physi-
cal property measurement system (PPMS) from Quantum
Design. Within the one-band model, the charge-carrier con-
centration was determined by n = 1/(e/Ry/). The Hall mobil-
ity was determined by py =/Ry//p.

SEM images in Fig. 1 show how the grain size changes
as a function of ball milling time and hot pressing tempera-
ture. From the images, it can be seen that samples pressed
from powders ball milled for shorter times (Fig. 1(a)) or at
higher temperatures (Fig. 1(d)) have much larger grains than
those from powders ball milled for longer time (Figs. 1(b) and
1(c)) and at lower temperatures (Figs. 1(e) and 1(f)). It is also
noticed that S15hr-200 C was composed of particles in which
there are many smaller grains, which are around 20 = 5nm
estimated from SEM images (Fig. 1(f)). TEM images shown
in Fig. 2 indicate that the particles in sample S15hr-200C
were indeed composed of smaller crystalline grains with dif-
ferent orientations, consistent with the SEM image (Fig. 1(f)).

© 2011 American Institute of Physics
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An enlarged area from Fig. 2(a) was shown in Fig. 2(b). It is
clearly shown that the grains are well-crystallized with dimen-
sions of 20 x 15nm and a lattice spacing of 0.276 nm, which
can be indexed to the (101) planes of orthorhombic Pnnm
FeSb,. The nano-sized grains and the boundaries between the-
ses nano-sized crystals would contribute to the dramatic ther-
mal conductivity reductions in the samples.

Figure 3(a) shows the temperature dependence of ther-
mal conductivity for all samples and also the single crystals
grown from vapor transport (VT) and self-flux (SF) meth-
ods.” A substantial decrease of thermal conductivity was
found for all samples throughout the temperature range,
decreasing as grain size decreases. The thermal conductivity
of sample S15hr-600C is 17 Wm ™' K" at 40K, compared
with 0.34 Wm~' K~ for S15hr-200C at the same tempera-
ture due to a decrease in the lattice portion of the thermal
conductivity. The peak positions of x, which reveal the com-
petition between the phonon-phonon (Umklapp) scattering
or impurity scattering and the grain boundary scattering, shift
to higher temperatures and nearly disappear on samples
S15hr-200C and S15hr-room temperature. This demonstrates
that grain boundary scattering is the dominant scattering
mechanism in samples with smaller grain sizes. Moreover,
fittings for all the curves below 100K show a shift from
T>% to T'*' with the decreasing of grain sizes, as is also
seen in nanocrystalline silicon'”> which indicates that other
parameters besides Cy such as porosity, phonon frequency
(), and the effective mean free path (A,4) also play impor-
tant roles in thermal conductivity reduction. When compared
with single crystal FeSb,, there is a reduction by more than
three orders of magnitude in the thermal conductivity from

$10min-400C

1000 nm

S15hr-600C

1000 nm

s15hr-300C-]

FIG. 1. SEM images for nanostructured samples that were prepared with
different conditions. (a) hot pressed at 400 °C using powders ball milled for
10 min, (b) hot pressed at 400 °C using powders ball milled for 1h, (c) hot
pressed at 400 °C using powders ball milled for 15h, (d) hot pressed at
600 °C using powders ball milled for 15h, (e) hot pressed at 300 °C using
powders ball milled for 15h, and (f) hot pressed at 200 °C using powders
ball milled for 15h.

Appl. Phys. Lett. 99, 163101 (2011)

FIG. 2. TEM images for nanostructured sample S15hr-200C. (a) Lower
magnification to show the average grain size and (b) higher magnification of
the boxed area shown in (a) to show the crystalline orientation and defected
boundaries.

500Wm~' K" down to around 0.1 Wm™" K~' at 20K in
the nanostructured sample S15hr-200C. Such a large thermal
conductivity suppression by nanostructuring at low tempera-
ture is much larger than any other nanostructured thermo-
electric materials at high temperatures. Nanostructured p-
type BiSbTe bulk alloy achieved 83% thermal conductivity
reduction compared with its ingot counterpart at 250°C,"?
half-Heuslers achieved 33% in high temperature ranges,'’
and a 100% reduction for p-type silicon germanium alloy."'®

Figure 3(b) shows the temperature dependence of elec-
trical resistivity for all the samples. The data was fit using
Arrhenius’ law to find approximate energy gaps. Sample
S15hrs-600C has two gaps of 28.2meV and 4.2 meV. When
the pressing temperature is lowered further, e.g., sample
S15hrs-300C, only one gap appears with a value of 21 meV.
The change in the band gaps corresponds to the increasing of
crystal defects that are probably due to the decreased grain
size and increased carrier concentration. It appears that the
smaller energy gap located in the temperature range of 7-20K
was suppressed; and the larger band gap was decreased as can
be seen in the sample pressed at room temperature whose
band gap is reduced to 18 meV. Measurements of the carrier
concentration, inset of Fig. 3(c) increased as well, confirming
the narrowing of the energy gaps.

The temperature dependent Seebeck coefficients (S) are
shown in Fig. 3(c). It shows that S decreases as grain size is
decreased, which could mean that carriers are generated. This
is not the case for S10min-400C, which has smaller grains
than S15hr-600C. From the relationship of the electrical prop-
erty and the quality of crystal, it is believed that S10min-400C
has fewer defects than that of S15hr-600C due to the longer
ball milling time of the latter. Defects typically increase car-
rier concentration, which decreases the S. An increase in the
carrier concentration will also lead to a decrease in the resis-
tivity, which is the case as seen in Fig. 3(b). Mobility and car-
rier concentration measurements are shown for two samples
in the inset of Fig. 3(c). Carrier concentration at 25 K is higher
for the $15hr-300C sample with a value of 9.75 x 10"’ cm ™
and while its mobility is lower at 4.52 cm® V~'s™!, when
compared to S15hr-600C at 25 K, whose carrier concentration
is decreased to 8.36 x 10'” cm ™ while its mobility is as high
as 160 cm? V™ 's™!. These properties directly correlate to the
increase seen in the S. There is a cross over between the two
samples in the Seebeck coefficient found at 65 K. This cross
over is also seen in the measurements for carrier concentration
at 65K while the mobility remains relatively constant

Downloaded 29 Mar 2013 to 18.51.3.76. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



163101-3 Zhao et al. Appl. Phys. Lett. 99, 163101 (2011)
(a) i b o '
={\=S15hrs 400 C T —0O— $10min 400 C
100 | _V:S:M:BWC n <. —O—siw  400C
i e at B e
7T e 1.0x10°F \Vy‘ﬂu —s—S18Mrs 300C E
~ 10k J o0—o o Xsmm 200C
«w ,g o Y Vv S15hrs room temperature
£ <} IS %
= 1 1 < 1ox10%F J
-
o1l ] FIG. 3. Thermoelectric properties for nanostructured
1.0x10°F E samples: (a) temperature dependence of thermal con-
ductivity, fittings was applied to sample S10min-400C
and S15hr-200C. Two solid curves correspond to ther-
mal conductivity from single crystal samples (Ref. 5);
(€)' T T T T T T (d) 1.5¢10% — T T T T T (b) temperature dependence of resistivity; (c) tempera-
ol 2 <0 j?;:ﬁ:"‘"j"o‘;‘é ture dependence of Seebeck coefficient, the insets indi-
0?' O‘o\ il cate the temperature dependent carrier concentration
100 1.0x10% F S o B 1 and Hall mobility for S15hr-600C and S15hr-300C,
& 15hrs. .
< ?“7%&\0% —O~ S18hrs room temperature respectively; (d) temperature dependence of ZT.
S -200 £ ? * \0 = Single crystal, Sun P etal,
3 ; . g %
@ 500 1x107 N 3
-300 i n = 4080 120 5.0x10°
L] g T(K)
T t
-500 - S 0.0
0 50 100 150 200 25 %00 350 0 50 100 150 200 250 300
TK)

confirming both measurements. S15hr-600C has better crys-
tallization and therefore a band gap of 4.2 meV in the temper-
ature range 7-20K, which is not seen in S15hr-300C and
induces higher resistivity than that of S15hr-300C below
50K. For the same reason, peak values of the Seebeck coeffi-
cient of S15hr-600C, which is 352 uV K~ ! at 20K, is much
larger than 117 uV K~' for S15hr-300C at 35 K. In FeSb, sys-
tems, the relation between carrier concentration and Seebeck
coefficient has been intensively investigated recently by
Sun et al®'"' It was found that an enhancement by a
factor of 30 or larger could be applied to the calculated
Seebeck coefficient based on the free-electron model. Due
to this enhancement, it is quite likely that an increase in
the Seebeck coefficient can be realized by tuning carrier
concentration through doping or composition adjustment,
providing the potential for much future work.

Figure 3(d) shows the temperature dependence of ZT for
the nanostructured samples as well as those for single crys-
tals. The ZT increases from 0.001 of sample S15hr-600C to
0.013 of S15hr-200C, which is an unambiguous indication of
grain size effect. The optimal ZT value reaching 0.013 at
50K in S15hr-200C is much higher than ZT = 0.005 at 10K
for single crystal samples. Though the power factor is much
less than that of single crystal, the drastic reduction in ther-
mal conductivity contributes to the increase in ZT. One fea-
ture worth pointing out is that the ZT curve in nanostructured
FeSb, is broadened significantly over that of the single crys-
tal counterpart, which is much more useful for applications
between 10 and 150 K.

In conclusion, substantial thermal conductivity suppres-
sion for the strongly correlated system FeSb, through a
nanostructure approach was reported in this letter. Thermal
conductivity was reduced by more than three orders of
magnitude over its single crystal counterpart. As grain size
decreases from tens of microns to around 20 nm, the corre-
sponding thermal conductivity decreases by 50 times,
reaching 0.34Wm ™' K~ ' at 50K. ZT was found to be
0.013, compared to 0.005 for single crystal FeSb,, an
increase of 160%. Although this is still far from the state-

of-art requirement of ZT =1, nanostructure to reduce ther-
mal conductivity in FeSb, is clearly the right way, and a
combination with other methods of ZT enhancement includ-
ing doping or composition adjustment is expected to further
increase the ZT.

The work is sponsored by Air Force MURI program
under Contract FA9550-10-1-0533.
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