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Zintl phases and related compounds are promising thermoelectric materials; for instance, high z7 has
been found in Yb;4sMnSby, clathrates, and the filled skutterudites. The rich solid-state chemistry of
Zintl phases enables numerous possibilities for chemical substitutions and structural modifications that
allow the fundamental transport parameters (carrier concentration, mobility, effective mass, and lattice
thermal conductivity) to be modified for improved thermoelectric performance. For example, free
carrier concentration is determined by the valence imbalance using Zintl chemistry, thereby enabling
the rational optimization of z7. The low thermal conductivity values obtained in Zintl thermoelectrics
arise from a diverse range of sources, including point defect scattering and the low velocity of optical
phonon modes. Despite their complex structures and chemistry, the transport properties of many
modern thermoelectrics can be understood using traditional models for heavily doped semiconductors.

Introduction

The solution to the current energy dilemma rests on a
concerted effort to broaden our energy resources (solar,
wind, biofuels, etc.) and reduce our energy consumption.
More than half the energy consumed nationwide is lost as
heat, and the recovery of even a small fraction would
significantly impact global energy use.! A new energy
landscape could thus include thermoelectric materials to
produce electricity through waste heat recovery or cogen-
eration. Thermoelectric refrigeration also offers an alter-
native to compression-based refrigeration that employs
atmospheric pollutants.*>

Like all heat engines, the power generation efficiency
(1) of a thermoelectric device is thermodynamically lim-
ited by the Carnot efficiency. Thermoelectric materials
are far from ideal, leading to an additional material
factor, zT. The device efficiency xkgenerally increases with
increasing zT.*

2T =a’oT )/« (1)

The material figure of merit, z7, depends on the Seebeck
coefficient (a), temperature (7), electrical conductivity
(0), and thermal conductivity (). The Seebeck coefficient
characterizes the voltage generated due to a temperature
gradient (a0 = AV/AT for small AT). Traditional thermo-
electric materials have zT near unity; however, there has
been an increasing number of reports of larger zT values
through enhancements in both electronic and thermal
properties.* 14
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A material with a large z7 needs to have a large Seebeck
coefficient (found in low carrier concentration semicon-
ductors or insulators) and a large electrical conductivity
(found in high carrier concentration metals). The carrier
concentration (n) dependence of these properties is shown
in eqs 2 and 3. In these equations, m* is the density of
states effective mass, u is the charge carrier mobility, and
eq 2 is generally valid for a single parabolic band at high n
and/or low T.
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As a consequence of the balance between the Seebeck
coefficient and electrical conductivity, most good thermo-
electric materials are heavily doped semiconductors.
These materials typically possess carrier concentrations
of 10"°—10?" carriers/cm’. Thermoelectric optimization is
additionally complicated by thermal transport, which
occurs by both electrons and phonons. The compromise
in transport properties® is illustrated in Figure 1.

To ensure that the net Seebeck coefficient is large, one
charge carrier should dominate transport. Mixed n-type
and p-type conduction reduces the overall voltage from a
temperature gradient as both electrons and holes move to
the cold end. Most good thermoelectric materials there-
fore have the Fermi level near the edge of a band gap.
Materials with band gaps can usually be understood as
valence compounds using the general valence rule dis-
cussed below. In an ionic compound, the stoichiometric
sum of the formal ionic valencies exactly balance, leading
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Figure 1. Dependence of thermoelectric properties on carrier concentra-
tion (n) expected for a classic semiconductor.* Curves are based on
results from a BagGaje—Geso ., sample with n = 8 x 10%° cm ™3 at
600 K generated with a single parabolic band model. The value of 1 on
the y-axis corresponds to zT = 1; o0 = 400 uV/K; 0 = 2 x 10° S/m; k =
5 W/(m K).

to noble gas electron configurations. The band gap occurs
between filled anionic states (valence band) and empty
cationic states (conduction band). Covalently bonded
semiconductors arise when a band gap is formed between
filled bonding and unoccupied antibonding electronic
states. The formal valencies in covalent semiconductors
balance when the number of covalent bonds and
contributed valence electrons are taken into account.
The general valence method works by comparing the
number of electronic states in the valence band with
available electrons rather than by assuming complete
charge transfer.'”

Frequently, complex materials can be understood using
the Zintl—Klemm approach to valence counting.'*!>~!#
In Zintl phases, the formal valence of atoms can be
assigned using relatively simple rules that allow a variety
of cation and anion types originating from ionic, cova-
lent, and metal—metal bonding. The strict definition
of a Zintl phase requires them to be valence balanced
and semiconducting (£, > 0, Figure 2a)."7!® Many
gcompounds are valence balanced according to the Zintl
counting formalism but are metallic (or more correctly
semimetallic) rather than semiconducting because
the valence and conduction bands overlap (£, < 0)
(Figure 2b). Semimetals are rarely good thermoelectrics
because of the coexistance of electrons and holes."”

Many good thermoelectric materials are structurally
related to Zintl phases, although they do not comply with
the strict definition of Zintl phases as intrinsic semicon-
ductors.'*!'” This is because good thermoelectrics
have the Fermi level inside a band but near a band gap,
giving them the transport properties of a metal at low
temperatures (Figure 2c). Such electron rich or poor
compounds near an otherwise semiconducting Zintl phase
composition have been described as “Zintl metals” or
polar intermetallics.'>'® Despite these materials not being
Zintl phases, a detailed understanding of Zintl chemistry
can explain many of the structural aspects and transport
properties observed in these quite complex materials.
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Figure 2. (a) Schematic diagram of the density of states (DOS) of a
valence balanced semiconductor. The Fermi level lies in the band gap
between the filled valence band and empty conduction band. (b) In a
semimetal, band overlap produces metallic behavior despite appearing
valence balanced. (c) The Fermi level is displaced from the band gap into a
band by the removal of electrons due to a valence imbalance. (d) Multiple
conduction bands with different energy minima in Las;Te, lead to a larger
effective mass when the Fermi level intersects both bands.

This review begins with the success of Zintl chemistry in
describing the relationship between the increasing
amount of valence imbalance (a nonzero stoichiometric
sum of the valences) and the observed transition from
semiconducting to metallic behavior. The formal valence
of a cation, following the general valence rule,”® is given
by eq 4a, where e is the number of available valence
electrons of the element and b, is the number of cation—
cation two electron bonds and nonbonding lone pair
electrons. Similarly, the anion formal valence is given
by eq 4b, where b, is the number of anion—anion two
electron bonds. Cation—cation two electron bonds are
found in the Mo—Mo interactions within Mo3Sb-,?! and
nonbonding lone pair electrons are required to yield
valence balance in PbTe.?”

Ve = ec—be (4a)

Va = ey +by,—8 (4b)

The stoichiometric sum of V, and V, is zero for valence
compounds such as Zintl phases. Materials that can be
understood by Zintl chemistry but may have a valence
imbalance are herein referred to as Zintl compounds.
The Zintl compounds discussed in this review are good
thermoelectrics because they combine the favorable features
of chemical tunability found in intermetallics and the simple
electron counting rules associated with valence compounds.
The diversity of bonding and structural units frequently leads
to complex structures that possess extremely low «y. Some of
the most intensely studied Zintl compounds for thermoelectrics
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are the clathrates™ > (e.g. BagGa;sGey), filled skutteru-
dites (e.g. CeCoy ),FeySblz),%_28 Yb,MnSb;;,” " and
AZn,Sby.2* 73" The important results on these and related
materials are well-described in a number of reviews,”%!3
including the one by Kleinke in this issue.?! This review
focuses on the chemical methods used to modify electrical
and thermal transport in compounds which can be under-
stood using Zintl chemistry.

Carrier Concentration

Chemical control of carrier concentration (n) is
the first, and arguably the most important, step in the
optimization of thermoelectric efficiency. The control
of extrinsic carrier concentration utilizes a valence
imbalance achieved by changing the elemental ratio or
alloying with additional elements. Defects and impurities
in semiconductors, which can arise from processing air
sensitive and/or volatile materials, can lead to extrinsic
carrier concentrations near 10'® cm™>. However, most
thermoelectric materials optimize at 10" cm > < n < 10%!
cm >, high enough that n can often be controlled by
chemical composition with traditional bulk preparation
techniques. The following subsections explore the use of
vacancies and alloying to control the carrier concentra-
tion by valence imbalance in several model compounds.

We have found that the free electron concentration, as
observed by Hall effect measurements, frequently corre-
sponds to that expected from the stoichiometric sum of V,
and V, (valence imbalance). This was demonstrated*® for
Las_,Tesand shown in Figure 3 for BagGa,4-,Ge;g,. and
Yb4Al, - Mn,Sb;;, where the dashed lines are obtained
from the valence imbalance and volume per formula unit.

In the search for or optimization of new thermoelectric
materials, one can start with a valence balanced composi-
tion (e.g., BagGa;4Geso) and substitute elements of a
different formal valence to quantitatively change n in a
predictive manner. Alternatively, one can start with an
extremely electron rich or electron poor Zintl compound
(e.g., Yby4MnSb, 1)29’30 and tune the composition toward
avalence balanced state, provided a band gap exists (not a
semimetal).

Some Zintl compounds, such as the clathrates, allow
both n- and p-type compositions to be achieved.** Mak-
ing thermoelectric couples out of such material pairs
is appealing due to the similar physical properties.
Unfortunately, many Zintl compounds appear to favor
a particular carrier type. For example, in Yb4AISb;; and
LiZnSb, only p-type compositions have be formed; like-
wise La;_,Te, has only formed n-type.’***4° Limited
carrier concentration ranges may be due to narrow phase
boundaries or competition from other low energy phases.

Cation Vacancies: Las_,Te4. The use of point defects
to set the extrinsic carrier concentration has been de-
monstrated in several traditional thermoelectrics. For
instance, in PbTe, the tellurium content may be con-
trolled via Te vapor pressure, thus providing a slight
valence imbalance in a nominally valence balanced com-
pound.*!

Toberer et al.

T T T T T T T T T T 1
147 o Yb, Al Mn,Sb,, o
__ 12 o BagGa,, Ge,,, ,e
o i |
‘e 10 ’ -
§ 101 o -
s 8f R
= I e, 27
x 6f / - g .
S 4t ,’. g T
L py; //n 4
2r /.7 .
L ‘ﬁ'. i

OE ' I 1 L 1 L 1 I 1 1 1

-02 0 02 04 06 08 1

X

Figure 3. Good agreement is found between experimental Hall carrier
concentrations (n7) and the theoretical curves based on electron counting
in p-type Ybi4Al _Mn,Sby; and n-type BagGa;¢_Gesopr. >0

Cation vacancies have been used to control carrier
concentration in the rare earth chalcogenides based on
the ThyP, structure.'**** For example, in lanthanum
telluride, a complete solid solution is found between
valence imbalanced La;Tes, which has the transport
properties of a metal, and the vacancy-rich, charge ba-
lanced Laz%Te4 composition (ionic La,Tes). In this sys-
tem, La cations donate electrons to completely fill the
Te states; excess electrons partially fill the conduc-
tion band, which is composed primarily of La character.
The corresponding n-type carrier concentration is
consistent with the valence imbalance according to
Las_> 'O, Tes”” + e1_3, .°° Note that the presence of
cation vacancies does not alter the number of states in the
valence band but only changes the number of valence
electrons added to the system. Synthetically, accessing
such a narrow compositional window (3 at % Te phase
width) is quite challenging due to the high melting point
of Las_,Te, and the low boiling point of tellurium. High
energy ball-milling has proven vital in the controlled
synthesis of homogeneous La;_,Tey, as the product is
formed directly from the elements near room tempera-
ture. Controlling the carrier concentration of Las_, Teyin
this manner allows an optimization of thermoelectric
properties, yielding a peak z7 of 1.1 at 1275 K. This is
an improvement over the prior state-of-the-art Sig sGeg »
alloy used on NASA space probes.

Cation Alloying: Yb;4AISb;;. Along with vacancies,
alloying is a common mechanism used to control carrier
concentration in semiconductors. In the high temperature
thermoelectric material SiygGeg,, boron (with one less
valence e than Si or Ge) and phosphorus (with one more
valence e) substitutions are used to render the material
p- and n-type, respectively. Similar alloying approaches
have been shown with Zintl compounds, such as in the
charge balanced Yb,4AISb;;, which has a peak z7 of 0.1
at 1250 K. A complete solid solution can be formed by the
substitution of Mn>" for A’ (Yb4Al,_ Mn,Sby,),
which leads to electron deficiency.>® The electron defi-
ciency is observed as a linear increase in hole concentra-
tion with increasing x and matches the trend expected by
simple electron counting (Figure 3). Consequently, the
increasing carrier density leads to a simultaneous
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Figure 4. Hole doping in Yb;4Al; . Mn,Sby; is obtained when Mn?" is
substituted for AI**. With increasing valence imbalance (x), the resistivity
and Seebeck coefficient decrease, as expected for a heavily doped semi-
conductor.*

decrease in electrical resistivity and Seebeck coefficient, as
shown in Figure 4. A peak zT of 1.1 is obtained by an
optimization of the carrier concentration to 4.5 x 10%°
em  (Yb4Aly ¢Mng 4Sby,). > This order of magnitude
difference in thermoelectric performance underscores the
need to study extrinsically doped compounds when asses-
sing a material’s potential for thermoelectric applica-
tions.

A similar optimization of z7 has been demonstrated
by substituting La®" for Yb*" after replacing A"
with Mn>" (Ybys_La,MnSby;).?> Here, La*" donates
an additional electron compared to Yb>" and partially
“backfills” the empty valence band states. The availabi-
lity of two cation species in Yby4AISby; that can be used to
tune carrier concentration is attractive for thermoelectric
optimization. In general, complex Zintl compounds contain
a variety of sites that allow chemical tuning.

Anion Vacancies and Alloying: BagGas_,Gesg , .. In the
clathrates, which contain covalently bound frameworks
surrounding guest atoms, alloying is the primary tool for
manipulating carrier concentration, although the forma-
tion of vacancies becomes important at large valence
imbalance. Valence balanced, semiconducting clathrates
can be understood when the guest atoms are treated as
nonbonded ions and the framework atoms are assigned
formal valencies as defined above for anions (eq 4b).*® In
the type-I clathrate [Ba2+]g[Ga71]16_X[Geo]30+x, each Ge
is four bonded (4b), which reduces the anion valence by 1
per bond and yields a formal valence of zero (4b-Ge®).*
Since Ga is alloyed with Ge on the framework sites, the
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Figure 5. (a) Valence balanced, semiconducting compositions (square
symbols) for a variety of M-site species with formal valence 7y in
BagM ,Geys—,. In Ge-clathrates, the range of stable, vacancy-free com-
positions (heavy vertical lines in panel a) is found to be no greater than
4 e~ /f.u. (n-type) and ~0.5 h"/f.u. (p-type). (b) At high e /f.u. concentra-
tions, vacancies form and accept free electrons (BagM ,Geg—,—,0,). The
vacancy content rises as the M content decreases, maintaining a similar
electron count as found in the maximum vacancy free composition (panel
a). For all M, at low x, the electron count should converge to the 4¢™ /f.u.
limit at BagGe43D3.44_47

formal valence is likewise reduced by four and thus Gaisa
monovalent acceptor (4b-Ga™'). Valence balance is thus
clearly obtained for x = 0. Valence imbalance leads to the
presence of free charge carriers, namely electrons and
holes for x > 0 and x < 0, respectively.** A number of
studies have characterized the thermoelectric properties
of n-type BagGa¢—,Gesg—, and peak zT values of ~0.8
at ~950 K are found for polycrystalline material.*®
In contrast, relatively few studies have examined trans-
port in p-type BagGa,4_,Gesg—,, and the phase width is
found to be narrower® than in n-type BagGas— . Gesg—
(Figure 5a). Similar adjustments of framework composi-
tion have been used to control the carrier concentra-
tion in BagAl;¢—,Geso—, and EugGa¢—Gezg—,, among
others.”® 2 Even the so-called “inverse clathrates”,
where the guest atom is an anion (such as 1), follow
these valence counting rules with a positive formal va-
lence on the framework.*®>

When the valence imbalance due to insufficient accep-
tors is large, requiring many high energy electrons in the
conduction band, a framework vacancy can form despite
an energetic penalty arising from the breaking of covalent
bonds. For example, the type-1 clathrate KgGeye— O,
should be a charge balanced semiconductor when x = 2,
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as isolated vacancies act as tetravalent acceptors for the
electrons from the eight K*. Alternatively, we can de-
scribe the formation of a vacancy as requiring the break-
ing of four covalent Ge—Ge bonds, leaving four (3b-
Ge™") monovalent acceptors per vacancy. However,
KgGeye—.O, is metallic and n-type, suggesting that x <
2 is formed due to an energetic balance between vacancy
formation and the intrinsic electronic state.’*>> Simi-
lar behavior is observed with the hypothetical com-
pound BagGeyoO4, which should be a semiconductor;
however, BagGey30; forms with 4 free e per formula
unit.>*>7

The equilibrium between vacancy formation and the filling
of antibonding states (conduction band) is also seen in the
ternary clathrates BangGe%_X_yDy.44747’58’59 Valence
balanced compositions for M = Ga, Zn, Cu, and Pd are
located on the solid curve (x = 16/Vy;, Vv valence of M) in
Figure 5a. The phase widths of vacancy free (y = 0)
compositions are highlighted by the vertical lines and corre-
sponds to approximately 0.5h" to 2e™ /f.u. (formula unit) for
M = Ga. These phase widths are obtained by extrapolating
the vacancy-rich compositions shown in Figure 5b to the
limit of zero vacancies. While some variation in phase width
is observed between different M, collectively the data suggest
the energetics between free carrier and vacancy formation
balance near 2 ¢ /fu. regardless of M species. When the
valence imbalance exceeds this apparent maximum, vacancy
formation is observed.

The relationship between vacancy content (y) and
extent of valence imbalance (16 — x|Vy| — 4y) is shown
in Figure 5b. Similar representations of Figure 5b have
been shown previously;***” here, we emphasize the im-
portance of valence, rather than metal content, by plot-
ting the total M valence (x|Vy|). This reveals that the
compositional boundaries in BagM ,Gess—,—, 0, appear
to be determined by a maximum valence imbalance (x-
intercept) and simple electron counting rules.

Consider, for example, electron counting and vacancy
formation in BagZn,Gess . ,0,, where Zn acts as a
divalent acceptor.*’ BagZngGesg is a valence balanced
semiconductor (Figure 5a). Reducing the Zn content to
BagZnsGey yields a vacancy-free composition which is
electron rich (4 e /f.u.). For x < 6, vacancy formation
maintains the carrier concentration near 4 ¢ /f.u. as
observed in Figure 5b (e.g., BagZn,>Ge4o00, + 4 ¢ ). These
valence counting arguments extend to the Zn-free
BagGeys; + 4 e, described above.

Estimating Optimum Carrier Concentration. The most
direct method to optimize a thermoelectric material is to
prepare samples with a range of doping levels and char-
acterize their relevant thermoelectric properties, includ-
ing Hall effect measurements. Such a study can reveal
details of the transport not captured by the usual single
parabolic band approximation, such as changes in scat-
tering mechanism or multiband effects.*® However, there
are many “potential” thermoelectric materials to investi-
gate and adjusting carrier concentration can be non-
trivial. Therefore, an initial screening mechanism is
required.

Toberer et al.

One approach is to estimate the maximum z7 and
optimal carrier density for a given system based on the
properties of an unoptimized sample. The process begins
by analyzing transport data at a particular temperature
within the confines of the single parabolic band assump-
tion to reveal fundamental material parameters, includ-
ing the effective mass (m*), lattice thermal conductivity
(k1), and mobility at the limit of low doping (x,).>>-**¢!
Using these fundamental material parameters, the depen-
dence of the thermoelectric transport properties on car-
rier concentration is computed using the single parabolic
band model.

Figure 6 compares the experimental z7" obtained for
BagGa4—,Gesp,, (0 < x < 1)at 600 K to the predicted
zT curve, which is generated using transport data from
the highest carrier concentration sample.”> Despite
obtaining the input parameters (m*, u,, k) from the
nonoptimal sample with z7" = 0.3, the optimized carrier
concentration and maximum z7" (0.5 at 600 K) are in
reasonable agreement with the experimental data. As an
alternative to the above approach, a graphical method to
estimate maximum z7 at a particular temperature uses
the “quality factor” .4

2y

=Tt (5)
KL

Use of the single band model to estimate optimal
carrier concentration does, however, come with several
requirements and assumptions. The input parameters are
only representative when obtained from an extrinsically
doped sample. The limiting scattering mechanism for the
carrier mobility should be considered; typically acoustic
phonon scattering is assumed. The temperature of inter-
est must be low enough that the single carrier type
assumption applies (thermal activation of minority car-
riers is negligible). Unfortunately, the temperature of
maximum z7 typically occurs when the single carrier type
assumption breaks down. Note that Figure 6 is not used
at the peak zT temperature (950 K), but rather at 600 K.
The major assumption in this approach is that the funda-
mental material parameters (m*, u,, k1 ) are invariant with
composition/doping level. Regardless of these limita-
tions, the single parabolic band model is a powerful tool
in the screening and optimization of materials for thermo-
electric efficiency.

Mobility and Effective Mass

The electronic component of thermoelectric transport
is characterized by two key properties: carrier effective
mass (m*) and mobility (u). The importance of these
parameters in eq 5 leads to frequent use of the “weighted
mobility”, m*3/2/1. In the classical approximation,
carrier mobility is determined by the carrier’s inertial

effective mass (mf) and the time between scattering events
(1), eq 6.

w =re/m (6)
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Figure 6. BagGa,s—Gezp. (0 < x < 1) zT values at 600 K, and the
corresponding prediction using the single band approximation with data
from the 8 x 10?° cm™> sample.*

Heavy carriers have low group velocity and there-
fore generally have low mobility. Charge carriers face a
number of scattering sources that reduce mobility, in-
cluding lattice vibrations, ionized impurities, nonionized
crystal defects, extended defects, grain boundaries, and
even disordered spin states.

The inertial effective mass is related to the density of
states effective mass (m*), which is a key factor in
determining the magnitude of the Seebeck coefficient
for a given carrier density (eq 2). To first order, high u
and large m* are conflicting, and thus, a large weighted
mobility is difficult to obtain.'

In classic binary semiconductors, high mobility and
low effective mass are frequently found in materials with
small differences in electronegativity (e.g. IrSbsy u = 1320
em?/(V s), m*/m. = 0.17 at 300 K) while low mobility
and high effective mass are found in ionic materials
(e.g. Fe,Cry_,Ses u = 0.1 cm?/(V s), m*/m. = 4 at
300 K).3436263 7Zintl compounds, which frequently
exhibit both ionic and covalent bonding, bridge these
extremes. For instance, metallic YbZn,Sb, and
Yb4MnSb;; have u of 130 and 3 cmz/(V s) at 300 K,
respectively.*®** In general, the large variation in u for
Zintl compounds is due to changes in both m™* and 7.

Electronic Transport Analysis. Investigating the depen-
dence of mobility and effective mass on carrier concen-
tration and/or chemical modification is one of the best
methods to examine a material’s “effective” band struc-
ture. Through analysis of the Seebeck coefficient and Hall
effect data, a density of states effective mass is obtained
for a given doping level and temperature assuming a
single parabolic band electronic structure. If similar m*
values are obtained at a variety of n, one can generally
conclude that transport is well-described by a single
parabolic band model. Another way to visualize the
dependence of m* on n is the Pisarenko plot, which shows
o as a function of n (Figure 7). The effect of chemical
dopants on m* can be clearly visualized in a Pisarenko
plot, where deviations from the baseline curve are readily
observed if m* changes. For example, Tl doping of
PbTe increases the hole effective mass compared to a
Na—PbTe baseline and, despite a concurrent decrease

Chem. Mater., Vol. 22, No. 3, 2010 629

200 rengx v
\ 400 K |

150 |-

100

lod (uV K™

50

O il L1l L1

0.1 1 10
n (10°" em™®)

Figure 7. Pisarenko plot showing experimental Seebeck coefficients for
La;_,Te, and the predicted single parabolic band behavior for m*/m, =
1.9, 3.3. Two different curves are required to described the data due to
multiple band effects in Las_, Tes.¥

in mobility, an increase in thermoelectric efficiency was
observed.'?

Parabolic Band: n-Type BagGa;6—,Gezg, .. In n-type
BagGa4—,Geso,,, the effective mass is constant with
carrier concentration in the region of high z 7, suggesting
that the relevant band structure is parabolic.>>%* Com-
putational studies have revealed the minimum energy
conduction band is nearly parabolic and formed via
hybridization of guest atom bonding and framework
antibonding orbitals.®

There has been significant interest in the relationship
between conduction band mass and chemical composi-
tion, and the roles of filler and framework species have
been investigated.®>~ 7> Transition metal substitution in
BagM ,Ga,Geys ), for example, can lead to enhance-
ment of m* but can also reduce mobility (eq 7) and band
gap.*7% Experimental and computational studies of Ni,
Au, Pd, and Pt substitution have found effective mass
values up to twice that found in BagGa,Geyg— (m™* values
are tabulated in ref 66).°¢77-78

Changes in mobility can be due to the role of micro-
structure and point defects, as well as changes in band
structure. For example, copper substitution in nominally
valence balanced BagCu,Ga;e—3.Gesp 2, revealed an
enhancement in mobility with increasing copper content.
This was attributed to a reduction in alloy scattering
associated with a preferential site occupation for Cu
and increased Ge content, rather than a decrease in
effective mass.>*”%" Cu substitution has also been in-
vestigated without charge balancing (BagCu,Geus—+).""
and no increase in mobility was observed, possibly due to
the formation of vacancies.

Nonparabolic Band: Skutterudites. In the filled skutter-
udites, n-type conduction can be obtained by filling the
cages of valence balanced CoSbsz with electron donat-
ing cations (e.g. [R].[Co>™][Sb™']5, R = Nd, TI, Ba, La,
Ce, YDb, Sr). Through such chemical modifications, it has
been revealed that the effective mass increases with
increasing carrier concentration. In this case, the band
structure is close to linear and is well-described by the
Kane model for nonparabolic bands.**”** The relation-
ship between m* and n is not affected by choice of filler
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atom R, implying the conduction band edge is similar
across these filled skutterudites.®* 3¢ Similar quasilinear
behavior is found in the p-type skutterudite La(Feg 75-
C0.25)3Sb;2.*7**

Multiple Bands: La;_,Te4. Density functional theory
calculations reveal the conduction band edge of Las_  Tey
is described by multiple bands; a light (small 72*) conduc-
tion band extends to the band gap while heavy bands are
present at slightly higher energies.® Figure 2d represents
this band structure when transport is determined by both
the light and heavy bands. At lower Ef, corresponding
to lower carrier concentration, the ‘effective’ mass of the
carriers is reduced due to transport in the light band. The
Pisarenko plot for Las_, Te4 (Figure 7) demonstrates this
multiband feature by comparing the experimental data to
two single band models (assuming acoustic scattering
limits u«), where the low n data are better described by
the model with smaller m*.

Complex Zintl Phases: Yb4Al;— ,Mn,Shy;. Of the thermo-
electric materials with high z7, Yb4Al;— . Mn Sby; possesses
one of the most complex crystal structures, with spin-depen-
dent and anisotropic thermoelectric transport properties.
Despite this complexity, initial analysis found a single
parabolic band model provides a reasonable description of
the transport for x > 0.2.%° The carrier mobility at room
temperature was well-described by the theory of acoustic
phonon scattering, which predicts z o< n~ ' for high doping
levels.!

Given the complexity of Yb;4Al;— Mn,Sby;, many
opportunities exist for enhancement beyond those asso-
ciated with carrier concentration optimization. In parti-
cular, eliminating sources of carrier scattering which
reduce mobility and provide no benefit to a or ki is
desirable. Initial efforts in this regard focused on the role
of magnetoresistance in Yb4MnSby;, which at high
temperature is observed as a residual resistance.’®”! This
magnetoresistance has been shown to primarily arise
from the disordered d°> Mn”" spin states. In the analo-
gous Ybi4ZnSb;;, magnetoresistance is greatly reduced
due to the presence of nonmagnetic d'© Zn>*. Thus
substitution of Zn for Mn removed magnetic scattering
in Yb;sMn,_,Zn,Sb;; and a linear decrease in the resi-
dual resistance was observed with increasing x (for x =
0.8), leading to a ~10% increase in maximum z7.*'

Electronic Structure Calculations

Electronic structure calculations can facilitate the selec-
tion and optimization of thermoelectric materials.”*"*
These calculations typically adopt a rigid band approach,
where a single calculation of the band structure is
performed and the Fermi level is subsequently varied to
mimic various doping levels. The Seebeck coefficient and
electrical conductivity may be calculated from the relevant
Boltzmann transport equations. However, these calcula-
tions require assumptions about the dominant scattering
mechanism and the magnitude of the carrier relaxation
time 7. A common approximation is that z is independent of
carrier energy, contrary to the commonly observed energy-
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dependent scattering in thermoelectric materials. However,
in calculations of the Seebeck coefficient using the energy-
independent approximation, the magnitude of 7 divides out
and reasonable values of a can be obtained. Calculations of
o and k. can be less accurate because they depend on the
magnitude of 7. Other challenges include determining .
and proper treatment of f-electrons in compounds contain-
ing rare earth elements.

Several candidate high z7 antimonides have been
identified from automated searches of thermoelectric
performance, most notably LiZnSb with a predicted zT
of ~2 when doped n-type.”> Experimentally, p-type
LiZnSb is found to have values of 7 and «; which are
similar to the assumptions used in the calculations.*
Unfortunately, efforts to form an n-type composition
have been unsuccessful. As electronic structure calcula-
tions for thermoelectric behavior continue to improve,
these surveys will likely become increasingly valuable for
research into thermoelectrics.

Thermal Conductivity

Thermal conductivity is the sum of electronic and
phonon (lattice vibrations) contributions: x = &, + k.
The electronic term is usually proportional to the
electrical conductivity and can be estimated from the
Wiedemann—Franz relationship (k. = LoT) with the
Lorenz number (L) approximated as the metallic limit
or calculated from Boltzmann transport theory. While «,
is effectively tied to the numerator in z7, many routes
exist to independently modify «p .*¢%*

We begin by considering what determines « in a crystal
at high temperature. Heat is transported by phonons,
which have group velocities (v,) and mean free path
lengths (/) between scattering events. The amount of heat
transported is proportional to the heat capacity (C,).
Traditionally, the phonon velocity is approximated by
the mean sound velocity v, giving a lattice thermal con-
ductivity shown in eq 7 by analogy with the kinetic theory
of gases.

KL = %val (7)

The situation is complicated by the broad spectrum of
phonon frequencies present. High energy, optical pho-
nons do not have sufficiently high group velocities to
transport an appreciable quantity of heat and thus ther-
mal transport is frequently dictated by the longer wave-
length acoustic phonons. The most significant phonon
scattering at high temperature is usually phonon—
phonon scattering, which gives the 1/7 dependence of
k1 found in many crystalline materials.

There is much excitement in the thermoelectrics com-
munity to design or discover materials with extremely low
kr.* Much of this work has focused on forming nano-
structured materials to increase phonon scattering at
interfaces.®'"%*% In Zintl compounds, much of the focus
has been on obtaining low thermal conductivity through
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the mechanisms discussed below: (a) point defect scatter-
ing, (b) rattling atoms, and (c) large cell volumes.

Point Defect Scattering. A variety of crystal imperfec-
tions, such as vacancies, interstitial atoms, and site sub-
stitution, fall under the category of point defects. Point
defects reduce lattice thermal conductivity by scattering
phonons due to either mass contrast or local strain
induced by the defect. The theory developed by Klemens
and Callaway for point defect scattering has been success-
fully applied to thermal transport in a variety of thermo-
electric materials.”®™® In the partially filled skutte-
rudites, Las_,Tey, and in some clathrates, randomly
distributed vacancies play a significant role in scattering
phonons.*®3319%-191 1t js somewhat remarkable that the
thermal transport in the Ce Fe,Co,Sb,, skutterudites,
where a variety of scattering mechanisms are present, fits
well to a model based solely on mass contrast between the
vacancy and filler atom.'%

In Zintl compounds, alloying has been used to induce
mass/strain scattering. For example, complete solid
solutions based on YbZn,Sb, have been formed between
the isoelectronic pairs of Yb—Ca, Zn—Cd and Zn—
Mn.**3%37 In all cases, the lattice thermal conductivity
at room temperature is approximately halved due to the
mass disorder. Figure 8 shows these results and the
predicted reduction in the lattice thermal conductivity
of Yb;_,Ca,Zn,Sb, using a point defect scattering theo-
ry.”¢79%192 Note, however, at high temperatures the re-
duction in «p from phonon—phonon scattering is
comparable to the reduction from point defect scattering
(lower curve in Figure 8).

Rattling Atoms. In the clathrates and partially filled
skutterudites, the low thermal conductivity has been
rationalized in terms of the “rattling” motion of an atom
within a cage that is slightly too large.?*?%?’ The initial
evidence for rattling came from large atomic displace-
ment parameters of the filler atom when analyzed by
diffraction techniques. These independent rattling atoms
were then believed to act as sources of phonon scattering,
leading to low «1.'"% Recent work has indicated that in
both the clathrates and skutterudites the vibrational
modes of the rattling atom are not entirely independent
of the framework vibrations.?>*'**

In the skutterudites, neutron spectroscopy experiments
have revealed strong resonant coupling between the guest
atoms and the framework. This work found much of the
phonon phase space has low group velocity, reducing
their effectiveness for heat transport.'® Using the results
of ultrafast time-resolved optical measurements, good
agreement is found between the experimental x and
models for the phonon relaxation time which include
the effect of phonon resonant scattering.'®> One impor-
tant realization is that these resonant scattering centers
are tuned to a particular spectrum of phonons. For
example, the calculated resonant frequency of Yb in
CoSbys is approximately twice that of Ba.'®® This allows
phonons with a broad range of frequencies to be scattered
by alloying the guest site with elements possessing differ-
ent resonant frequencies. 19107
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Figure 8. Significant reduction in lattice thermal conductivity is observed
due to point defect scattering in Yb,—,Ca,Zn,Sb, at 300 and 500 K
Lines show predicted reduction in 1 based on mass contrast between Yb
and Ca for the respective temperatures.'®

In the clathrates, many sources for low «; have been
proposed.?**>198:109 Ope explanation comes from neu-
tron triple-axis spectroscopy, which is used to probe the
phonon dispersion relation.>> This work found coupling
between the guest atom and the framework leads to low
phonon group velocities and thus low ..

The studies of phonons in “rattling” systems suggest
that low «r results primarily from large unit cells which
confine the heat-carrying acoustic phonons to a small
fraction of the vibrational states. The following section
finds similar conclusions in systems with no apparent
rattling species.

Intrinsically Low kj: Large Cell Volume. Several
Zintl compounds, such as Yb;4MnSb;;, Yb;;GaSby,
and Yb;;Sbyg, have extremely low (<1 W/mK) lattice
thermal conductivities without evidence for alloying,
nanostructuring, or large atomic displacement para-
meters.'”>%!"'% These intrinsically low « materials all
possess large unit cells and complex crystal structures.
Quantifying the effect of complex bonding and chemical
interactions on lattice thermal conductivity is challen-
ging. However, the role of the primitive unit cell volume
(V) is more clearly defined, as V" dictates the number of
phonon states within the first Brillouin zone.

All crystals have 3N vibrational modes due to the three
degrees of vibrational freedom per atom, where N is the
number of atoms per primitive cell. With more than one
atom in the unit cell, vibrations with wavelengths shorter
than the unit cell (optical modes) are permitted. The 3N
modes are thus divided between three acoustic modes and
3(N — 1) optical modes. While each optical mode has the
same heat capacity as an acoustic mode, they have low v,
which greatly reduces their contribution to 1. The total
heat capacity is divided among the modes such that the
heat capacity of the acoustic modes is C,/N. When
thermal transport is dominated by acoustic phonons,
perhaps the more appropriate mean free path to consider
is given by: k|, R KL ac = !/3C,vI/N. The high temperature
value for the heat capacity is approximately given by the
Dulong—Petit relation as C, = 3Nkg/V, leading to eq 8.

KL "\‘a’kBVl/V (8)
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Figure 9. Lattice thermal conductivity at 300 K for a variety of Zintl
antimonides assuming a free electron Lorenz number. The dashed line
shows the inverse dependence on primitive cell volume, revealing low
lattice thermal conductivity at large unit cell volumes: 1-LiZnSb,
2-SrZn,Sb, "7 3-Mg;Sb,, ' '® 4-CeFe,Sby».* 5-BaZn,Sb,, ' 6-SrZnSb,,'"’
7—Yb51n28b6,120 8—Ba4Inng16, 121 9-Yb1 |Sb|0,19 lO-Ybl lGaSbg,l 10
11-Yb4AISb;1,*? 12-Yb,4MnSb;,.*?

Figure 9 shows the relationship between «; and V for a
variety of Zintl antimonides (300 K). The dashed line
corresponds to a fit to k;. = aV ' + kmin. Nonzero lattice
thermal conductivity is expected even at the glassy limit
(V' = o), leading to the inclusion of the «,;, term. The
remarkable agreement between the experimental x; and
this simple model is due to the similar chemistry (leading
to similar v) and high mass contrast in these compounds.
Large mass contrast reduces the role of optical vibrations
in the transport of heat.!!!

While differences in v, and / will cause some variation in
k1, we generally expect Zintl antimonides with primitive
cell volumes =1000 A to possess k. < 1 W/mK at 300 K.
Similarly low thermal conductivity values are observed in
the complex Zintl tellurides with large unit cells.!'>~ !¢
Although compounds with large V' are attractive for
obtaining low «p, small unit cells are able to reach
similarly low values when other scattering mechanisms
are present (e.g. alloy scattering, discussed above for
Ybl,xCa_\.ZHZsz).

Case Example: Sr—Zn—Sb. The Zintl compounds
SrZnSb, and SrZn,Sb, provide a good system to examine
the relationship between structure and thermal trans-
port.'"” Similar bonding exists within these compounds
(Figure 10), where Zn—Sb covalently bound slabs are
separated by monolayers of Sr cations. Speed of sound
measurements find essentially identical v at 300 K, as
expected from the similarity in bonding. Despite the
similarities, SrZnSb, exhibits significantly lower «; than
SrZn>Sb, near room temperature (Figure 10c). These .
results can be attributed to differences in primitive unit
cell volume (SrZnSb, 449.2 A% SrZn,Sb, 135.3 A%). A
more advanced model by Slack,''" utilizing the number of
atoms in the primitive cell, is found to arrive at a similar
conclusion.'"”

In addition to differences in unit cell volume, funda-
mental differences in the two structures could lead to
different phonon mean free paths (/). While there is little
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Figure 10. Structures and primitive unit cells of (a) SrZnSb, (Pnma) and
(b) SrZn,Sb, (P3m) are both composed of monolayers of Sr (green) and
covalently bound slabs of Zn—Sb (blue polyhedra). In SrZnSb,, these
layers are alternated with Sb zigzag chains (orange). (c) The more
structurally complex SrZnSb, has a lower lattice thermal conductivity
that the chemically similar, yet simpler, SrZn,Sb,. '’

room for structural disorder beyond point defects in
SrZn,Sb,, SrZnSb, is ripe for disorder. SrZnSb, forms
in an orthorhombic cell where a Peierls distortion forms
anionic layers of Sb zigzag chains.'® As shown in
Figure 10, the anionic zigzag chains and Zn—Sb
covalently bound slabs are separated from each other
by cationic monolayers. There is thus the possibility for
stacking faults, twinning, and local disorder of these
zigzag chains, as well as the usual point defects.

Summary

While the exploration of Zintl compounds for thermo-
electrics is in the early stage, the initial successes (e.g.
CexCO4_yFeySb12, Yb14MnSb11, BagGa16Ge30) demon-
strate the potential for these materials. This review has
discussed how the transport characteristics can be manipu-
lated through a wvariety of strategies involving valence
counting and Zintl structural chemistry. The valence im-
balance often determines the free carrier concentration,
thereby enabling the rational optimization of z7. Despite
the structural complexity of Zintl compounds, simple mod-
els like the single parabolic band are found to provide good
descriptions of the electronic transport and can estimate
thermoelectric performance from limited experimental data.
The low lattice thermal conductivity found in complex
structures with large unit cell volumes is generally due to
the high fraction of low velocity optical phonon modes.
Understanding the coupling between chemical structure
and thermoelectric transport, which is critical for the devel-
opment of high efficiency thermoelectric materials, will
benefit from the continued discovery and characterization
of Zintl compounds.
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