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The family of solid solutions of the typg-K,(Bi; _,Sb,)sSe3(0<z=1) was studied with respect

to thermal conductivity as a function of temperature and stoichiometry. At low temperature, the
variation of lattice thermal conductivity with composition shows a transition from a typical
crystalline to glasslike behavior. Analysis of the high-temperature data shows a contribution due to
the mixed occupation of Bi/Sb crystallographic sites as well as an additional contribution due to
point defects. ©2004 American Institute of Physic§DOI: 10.1063/1.1682674

I. INTRODUCTION of K,BigSe 3. These fluctuations have a strong effect on the
thermal and charge transport properties of these materials.

Our investigations of ternary and quaternary compounds  |n previous work, selected members of the
of bismuth Chalcogenidéﬁave shown that several multinary KZ(Bil*Zsz)Sse_lﬁ series were Synthesized and character-
compounds containing alkali metals present promising thefized. Crystallographic studies showed that the Sb incorpora-
moelectric properties. Alkali metals contribute to the struc-tion into this lattice is in fact nonuniforfnand, for low Sb
tural complexity of these compounds and therefore, indiconcentration, only certain crystallographic sites that connect
rectly, to their electronic complexity which in turn can lead the two different type block$Bi9/K1 and Bi8/K3 are af-
to a high Seebeck coefficient according to the Mottfected (Fig. 1). More “true” solid solutions of
equatior? The complex low symmetry structure and the K,(Bi;_,Sh,)gSe are formed only whez=0.2. The band
presence of alkali metals result in very low thermal conducgaps of the various members vary systematically as a func-
tivity. The alkali metals interact ionically with the metal tion of z except for a slight anomalous behavior at low Sh
chalcogenide framework and tend to rattle, as revealed byoncentratior. All materials were prepared with the Bridg-
their high thermal displacement parameterérattling”  man techniguin order to grow large highly oriented ingot
atoms-“phonon glass electron crystaf’ samples and study the effects along the needle diretiten

B-K;BigSe 3 was found to be a promising material due crystallographid axis). Charge transport studies on selected
to its low thermal conductivityi.e., ~1.3 W/mK) and rela- members showed that samples have a high carrier concentra-
tively high power factoP. Its structure is highly anisotropic, tion (~10?°cm™3) and exhibit semimetallic behavior as pre-
see Fig. 1, and presents several salient characteristics thaéred. Doping studies on JBi;_,Sh)sSe; and
include two different interconnected types of Bi/Se blocks, K3-K,BigSe; have shown that its figure of me@T can be
ions positionally and compositionally disordered with Bi substantially improved, mainly by raising the power factor.
atoms over the same crystallographic sites, and looselyhe materials showed strong anisotropy in their thermoelec-
bound K atoms in tunnels. Crystals of the material grow asric performance. Samples prepared with excess of Se on
long needles with the needle direction being that of highestelected solid solution members had better thermoelectric
electrical conductivity. properties and higher electron mobility.

All state-of-the-art thermoelectric materialge.g., In this work, the influence of the Bi/Sb partial substitu-
Bi,_,ShTe;) are solid solutions because increased disordetion to the lattice thermal conductivity of the
in the structure leads to lower lattice thermal conductivity.K,(Bi;_,Sh,)sSe3(0<z=<1) solid solution series was in-
For this reason, the formula KBi;_,Sb)sSe3; was pro-  vestigated. We show that the variation of the lattice thermal
duced wheng-K,BigSe; was alloyed with its isostructural conductivity with composition is impacted by two contribu-
K,Sh;Se 3 analog. The resulting Bi/Sb substitution in the tions, one from the disorder associated with the formation of
structure generates extensive mass fluctuations in the lattie®lid solutions and another arising from point defects.

Il. EXPERIMENTAL SECTION
dAlso at: Department of Physics, Aristotle University of Thessaloniki,

54124 Thessaloniki, Greece. A. Reagents
Ypresent address: Physics Dept., John Carroll University, University . . .

Heights, OH 44118. The chemicals used in this work were generously pro-
®Electronic mail: kanatzid@cem.msu.edu vided by Tellurex Inc(Traverse City, M) as obtained: Bis-
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with a small strain gauge resistthin film), which serves as

a heater. Temperature difference across the sample was mea-
sured using a differential chromel-constantan thermocouple.
The samples for the thermal conductivity measurements
were cut in about 3x5 mn? dimensions. Measurements
were carried out along the needle direction. There was inevi-
table radiation loss during the thermal conductivity measure-
ments at high temperatures, therefore, the data were cor-
rected based om® law.*°

NaCl-type
block

IIl. RESULTS AND DISCUSSION

Thermal conductivity = measurements on the
@ K,(Bi;_,Sh)gSe 3 solid solutions series were carried out
F along the needle directiofi.e., crystallographid axis) for
the members oz=0.1, 0.2, 0.3, 0.5, 0.7, 0.9, and the end
member KShSe 3, i.e.,z=1.0.

Bi;Tes-type The lattice thermal conductivity« ) values for the six
block members of the KBig_,ShSe; series as well as the end-
member KSh;Se ; (see Fig. 2 were extracted from the total
FIG. 1. Structure of3-K;BigSa3 and Ky(Bi; - ,Sb)gSe; series. thermal conductivity data by subtracting the electronic con-
tribution (k) as described by the Wiedemann—Franz taw:
muth chunks(99.999%, antimony chunkg99.999%, sele- Ke=0-L-T, (1)

nium shots(99.999%, and potassium chunk®8% Aldrich

Chemical Co., Inc., Milwaukee, Wi whereo is the electrical conductivityl,. is the Lorenz num-

ber, andT is the temperature. The Lorenz number in Ef.
was taken to be equal to 2.43.0 8 V?/K? as that appears to
be valid for highly degenerate semiconductbrs.

Selected compositions of KBi;_,Sh,)3Se 5 with 0.2% Thermal conduction is usually treated using the Debye
Se excess and=0.1, 0.2, 0.3, 0.5, 0.7, 0.9, and 1.0 were approximation. In this model, the lattice thermal conductivity
synthesized. All manipulations of the starting materials werecan be written as
carried out under a dry nitrogen atmosphere in a Vacuum K ) 3 oIt X
Atmospheres Dri-Lab glovebox. A mixture of potassium K = B (_B) Taf b re————dx, %)
metal, bismuth, antimony, and selenium in various propor- 2mp\ 0 (e*—1)?
tions was loaded into a silica tubej\nd subsequently ﬂamﬁ/herex=hw/kBT is dimensionless is the phonon fre-
sealgd at a residual pressure <0f100 Torr. For example, quency,kg is the Boltzmann constant, is the Planck con-
Ka(Bi;_,Sby)sS@s(2=0.2) with 0.2% Se excess was pre- stant, ®p is the Debye temperature; is the velocity of

sound, andr is the relaxation time. The, is determined by

pared by mixing 0.271 gK®6.9 mmo), 5.086 g Bi(24.3
the various phonon-scattering processes, which limit the

B. Synthesis and crystal growth

mmol), 0.741 g SK6.1 mmo), and 3.911 g S€49.5 mmo).
:helrrr]]|XIEU{|es Wgrs heat?d tot 855%2% 0\:er 12t h :#Té 52'7:1 therﬁﬁermal conductivity. In the simplest model to consider, ther-
> Hig’hI(;/ S:i\fntedyciggt;ﬁngots of S:Ie?:tzidecompositioﬁ ofmaI conductivity is limited by the sample grain sidg and

. ) . . defect scattering at low temperatures, and Umkla ro-
K,(Bi;_,Sh)gSe s with Se excess were grown with a modi- nd W peratu PP P

, ) . . cesses at higher temperatures. Using the Rayleigh rate for
f.|e'd B”dgr‘?a” technlqug. They were qbtamed by recrystal-poim defects, and the relaxation rate proposed by Glassbren-
lizing K,(Bi,_,Sh)gSe5 in a vertical single-zone furnace

. . . ' ner and Slack for the Umkla rocesses, the overall relax-
with a temperature gradient ef15 °C/cm. The material was PP P

. o ation rater * can be determined as
placed in a rounded bottom silica tube and 13 mm outer Te

diameter and flame sealed under a vacuual@ * Torr).
The tube was lowered through the temperature gradient pro- 3T

file with a dropping rate of-0.3 cm/h. The ingots consisted where the first term in Ed?3) refers to the relaxation time for

of needlelike crystals well-oriented parallel to the sampleb q ttering. th d to the defect teri q
translation axis. oundary scattering, the second to the defect scattering, an

the third one to the Umklapp processes. The paramédters
andB are both independent of temperature. In Fig)3the
estimated thermal conductivity according to this simple
Thermal conductivity was determined using a longitudi-model is shown. The parametefsand B were suitably se-
nal steady-state method over the temperature range of 4—30€cted to match the shape and the size of the experimentally
K. In this case, samples were attacheding either a low observed peak for the thermal conductivity in the
melting point solder or silver-loaded epoxp the cold tip of  K,(Bi;_,Sh)gSe 3 series of solid solutions. As the Debye
the cryostat, while the other end of the sample was providetemperature @p) is not known for the series of the solid

-0
rolt=vIL+ Ao+ szT-ex% D), (3)

C. Thermal conductivity measurements
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FIG. 2. Lattice thermal conductivity« ) of (a) Bi-rich members £=0.1,
0.2, 0.3, and 0.pand (b) Sb-rich members 2=0.7, 0.9, and 1)0 of (b)

K,(Bi;_,Sh)gSe 3 solid solutions series at temperature range 4-300 K.

[Dashed lines follow phenomenological relati@h]. FIG. 3. (a) Calculated lattice thermal conductivity for two different concen-

trations of point defectdA and 5A, respectively (b) Calculated lattice

thermal resistivity for two different concentrations of point defe&sand

solutions, the graph in Fig. 3 is plotted against the dimen>A respectively.

sionlessT/®. Two plots are given, increasing the concen-

tration of defects by almost one order of magnitiéeand

5A, respectively. The calculated thermal conductivity is in tively). As can be seen in Fig.(B, the calculated thermal

good qualitative agreement with the measured data. Thermagsistivity exhibits a good linear relation with temperature,

conductivity decreases, as expected by increasing the coand the constant term in the linear trend is strongly related to

centration of defects, the peak becomes broader and shifts tbe concentration of defects. The change in the slope is neg-

slightly higher temperatures and the temperature dependentigible, and this can be attributed to the constant value of the

of the thermal conductivity becomes weaker. TR¢® )3 term B.

curve is also presented in Fig@3 to demonstrate the devia- The lattice thermal conductivity of ¥Bi;_,Sh)gsSe;

tion of the thermal conductivity as expected from the idealseries presents the expected peak at low temperatures that is

T2 law at low temperatures, with an increasing concentratiorcaused by the competition between the phonon—boundary

of defects. scattering and Umklapp phonon—phonon interactions and it
In Fig. 3b), we present the thermal resistivit¥/x), as  is characteristic of crystalline materidfssee Fig. 2. The

predicted by the simple three-phonon process model. Wpeak decreases with the incorporation of Sb in the lattice due

kept the termB constant in Eq(3), and increased the con- to the increased disorder that is caused mainly by the Bi/Sb

centration of defects by five-foltturvesA and 5A, respec- mass fluctuation in the structure. With the increase of Sbh
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concentration, this peak shifts to higher temperatures anc 1
becomes broader. The member with-0.1 possesses the N
strongest peak in the series, which becomes weaker fol
higherz values while forz=0.5, there is practically no peak. 0.9 4
These features agree with the theoretical curves of Kay. 3 %
For z=1.0(K,Sh;Se4), the low-temperature lattice ‘150
thermal conductivity peak is the strongest of any member ofg 08 7.
the Ky(Bi;_,Sh,)sSe; series since it lacks the Bi/Sb disor- £ e 4
der. On the other hand, it is weaker compared to (:ompoundsE e ,;g
such as BiTe;, ShTe;, etc. For example, the maximum = 07 1+ N5 ™\ 53?"
value of this peak in KSh;Sej at a low temperature is at RN A
~2.5 W/mK while that of SpTe; is at ~20 W/m K® We RT "o e e S
attribute this to the more complex structure 0f3%sSe 3 06 1 R
compared to Sfie;, the larger unit cell, the presence of °
weakly bound K atoms and the mixed occupied crystallo-
graphic sitegK/Sh).>*’ 0.5 ' ' ' '
At sufficiently low temperaturesbelow the Umklapp | ’ '
peak, the lattice thermal conductivity increases followihy
dependence. Since grain-boundary scattering dominates Bits. 4. Lattice thermal conductivity of §Bi,_,Sh,)gSey; solid solutions
this temperature region, the exponentor an ideal crystal- series vs stoichiometry at_different temperatures. Dashed lines are from a
line solid should be equal to%3.Due to scattering in the data Second-order polynomial fit.
in the low-temperature range and the lack of data below 4 K,
an accurate evaluation of the exponarih the T" trend was
not possible. We assume that both lo@-T) and high-
temperaturéHT) regions,x r and xyr, respectively, can be expected to exhibit the usualTLbependence. For an amor-
approximated by a power-law dependence, kgr~T" and  phous material, or an “electron crystal—phonon glass”
rxur~T", and the lattice thermal conductiviif can be ex-  (cp@ material* the thermal conductivity is limited by the
pressed using the phenomenological relation: minimum value xy,y, as predicted by Slack and, in this
temperature region, does not show a significant temperature
i - i + i (4) dependenc® The exponeninis thus expected to be zero for
Ko Koo Kyt an ECPG-like material. In our case, the smooth decrease of

) . . the exponenm on Sb substitution is consistent with a tran-
Expression4) seems to describe quite well the thermal COMsition from crystalline to glasslike thermal transport behav-

ductivity « for all members of K(Bi;_;Sb)eSes in the 5 o relatively low value fi=—0.27) for thez=0.1

entire temperature range, as shown by the dashed lines in L .
Figs. 2a) and 2b). member is indicative of the presence of defects in the struc-

The exponent in the low-temperature region, as calcu- lUre: Such as mass fluctuatiéBi/Sb/K mixed occupation
lated from expressiofd) is found to ben=2.3 for z=0.1. and point defects. Similar behavior, with low values, has
For the Bi-rich members, the exponentis gradually de- Deen observed in other materidfs.
creased as Sb increasingly substitutes Bi=(.6 andn The above discussion is summarized in Fig. 4, where the
=1.5 forz=0.2 and 0.3, respectivelyHowever, there is no lattice thermal conductivity is presented versus Sb stoichi-
clear trend fom with Sb substitution for the entire range of ometry at different temperatures. The observed dependence
stoichiometry. The deviation from the expect&d law at is typical for solid solutiong? where a minimum in the ther-
low temperatures indicates an additional mechanism that inmal conductivity is expected for the substitution of Bi to Sh.
volves scattering of phonons by point defects at theserhe dependence is stronger at lower temperatures, and at 100
temperatures? Additionally, scattering due to electron— K| the minimum of thermal conductivity is @t0.6. As the
phonon interactions cannot be excluded as the Bi-rich meMpmperature increases, the dependence becomes weaker and
bers can exhibit a substantially high free electron concentras,oader and the minimum is shifted to lonevalues~0.4.

tion. The free carrier concentration is drastically decreased iR, \veaker dependence is expected due to the smooth de-
the Sb-rich membet$ which changes the electron—phonon . . -

. A . crease of the exponemh upon increasing substitution. At
scattering term, which is an independent parameter and th gw 2 values. the hiaher value of causes well-separated
could be responsible for the observed lack of trend of th ' 9 P

exponentn on Sb substitution. equitemperature curves in Fig. 3. Afcreases, the tempera-
In the high-temperature regiof;>80K, the exponent ture dependence becomes weaker, and for the member

m (kyr~T™) is —0.27 forz=0.1 and smoothly decreases to ~0-75, no temperature dependence is observed Q).

practically zero tn= —0.03) for thez=0.7 andz=0.9 mem- Usually, the composition dependence of thermal conduc-

bers. For a crystalline and almost defect-free solid, scatteringjvity «(z) in solid solutions series A ,B, can be modeled

in this temperature region is mainly dominated by the threeusing the harmonic me&hof the two end memberg, and

phonon Umklapp process, and the thermal conductivity iscg, respectively, plus an additional “bowing” term
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FIG. 6. Factora in lattice thermal conductivity of K(Bi;_,Sh,)3Se ; solid
solutions series vs stoichiometry.
22 T T T ¥
—o—2z=0.7
2| | —=—2z=09 can be understood as follows: The lattice thermal resistivity
——2z=1.0 (wy) is considered to arise from two contributions according
<. 18 to
é 6000 0 0 & o0 S 1
Al
s 16 a wy L WotAw=a-T+ 8, (6)
N / where the termw, is the lattice thermal resistivity of the
14 Rofso-e—y 5 - ideal crystal andAw represents a contribution due to the
,/B presence of defects. For the ideal defect-free crysgat T
1.2 ‘4 in the high-temperature range aadv=0. The simplicity of
the empirical Eq.(6) enables us to draw some conclusions
1 L . : ! about the effect of Bi/Sb substitution, separating the ex-
50 100 150 200 250 300 pected ideal behavior of a defect-free crystal from that due to
T (K) the presence of defects.
Combining Egs(6) and (5), we get
(b) 1 z(1-2)

FIG. 5. Reciprocal lattice thermal conductivity ¢ Bi-rich members £ KL
=0.1, 0.2, 0.3, and 0)zand (b) Sbh-rich membersz2=0.7, 0.9, and 1)0of —a-T+ @)
K,(Bi;_,Sh,)sSa solid solutions series at temperature range of 80-300 K. @ B

From Eq.(7), it follows that for A _,B, solid solutions, the

factor a should vary linearly fromu, to ag of the two end

W= L members, while factop should vary fromg, to Bz with a
k(z) bowing factorC.
1-2 7z 2(1-2) In order to study how the Sb incorporation influences the
= 4 4 termsa and B in the lattice thermal conductivityEqg. (7)],
Ka  Kg C these parameters were extracted from fitting the datéhe
2(1-2) region 80—300 K for each member of the series. The two
=W=(1—-2Z)Wp+ZWg+ c (5) factorsa and B vary with stoichiometry.

The temperature slopéactor «) of the reciprocal lattice
The bowing term in Eq(5) is introduced to account for the thermal conductivity versus stoichiometry is shown in Fig. 6.
reduction of lattice thermal conductivity with the increase oflt follows a linear variation at the stoichiometric region 0.2
Sh incorporation. In order to investigate the effect of Bi/Sh<2z=<0.7, as expected for a solid solution series according to
substitution quantitatively, we adopted the simple linear exEq. (7). For z<0.2, there is a preferential occupation of Sh
pression[see Fig. 8)] that the reciprocal lattice thermal atoms at special sites of the structure, thus onlyzfei0.2,
conductivity (1lk,) obeys in the high-temperature region we have samples that are reasonably described as solid solu-
(80—300 K for all members of the K(Bi;_,Sh,)gSe;fam-  tions. The factow tends to be zero at highewalues. This is
ily, see Fig. 5. This linear dependence has been observed actually related to the exponent discussed above and ex-
other materials as wetf.=2®The observed linear dependence presses a transition from a typical crystallinelike lattice ther-
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FIG. 7. Factorg and its contributions§,,3,) in lattice thermal conductiv-
ity of K,(Bi;_,Sh,)gSe 3 solid solutions series vs stoichiometry.

mal conductivity behavior—where the Umklapp peak is well
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is actually expressed by the terfly=2z(1—2z)/C while the
defect contribution is expressed By=(1—2z) Bgi+ ZBsp-
The two contributiong3ss and B4 are shown in Fig. 6:

(1) Bss, Which arises from the solid solution natufmass
fluctuation of the materials exhibits a maximum at
z=0.5, as expected.

B4, which is due to other types of defects, exhibits a
linear dependence on stoichiometry and indicates an in-
crease of such defects when Sb is introduced in the lat-
tice. This could be attributed to a number of possible
factors such as potassium atom disorder, growth condi-
tions, and the fact that the more Sb present in the lattice
leads to lower melting point and thus higher cooling rate
during the growth of the oriented ingots.

)

The By contribution is higher for members witha
<0.8. For the members with higher Sb concentratian (
>0.8), the B4 contribution becomes more dominant and
suggests that the low thermal conductivity of these members
is mainly due to these other defeétsentioned aboverather
than the mass fluctuation present in the solid solution.

defined followed by a decrease at higher temperatures—to | CONCLUSIONS
behavior practically independent of temperature over a wide

region with the absence of the Umklapp peak. This change in
behavior seems to be completed in the stoichiometric regioH

betweenz=0.75 and 0.95 where the factaris practically

zero, while @ becomes high again for the Sh-end membe

(z=1.0) where no Bi/Sb disorder exists.

The variation of factoiB of lattice thermal conductivity
with composition is shown in Fig. 7. The variation follows a
quadratic dependence, as expected from (#j. Fitting of
the data gave Bg=0.17W 'mK (for z=0), Bsgp
=1.02W 'mK (for z=1) with bowing factor C
=0.24W/mK, whereBg; and Bg, correspond to the end
membergz=0 and 1.0 according to Eq7). Note that fitting
does not include the member wi+=0.1 but only the true
solid solution membersz&0.2) 8

The variation of facto3 is attributed to the variation in

In this work, the influence of the Bi/Sh partial substitu-
on in the lattice thermal conductivity, the
K,(Bi;_,Sh)gSe3(0<z=<1), solid solution series was ex-

@amined. The low-temperature Umklapp peak of lattice ther-

mal conductivity is gradually suppressed when the Sb con-
centration increases due to the increase of the disorder that is
caused mainly by the Bi/Sb partial substitution. There is a
transition from a typical crystalline type behavior to one that
is practically temperature independent over a wide region
with no Umklapp peak at a low temperature. This transition
seems to be completed in the region betweer0.75 and
0.95. The contribution from the formation of solid solutions
varies with stoichiometry showing a maximum when Sb sub-
stitutes 50% of Bi. There is also a contribution due to point
defects that increases with Sb concentration in the lattice.

the extent of defects in the structure predominantly due tg>iven the strongly anisotropic nature of these materials, it

the mass fluctuation that exists in a solid solutions environ-

would be interesting in the future to examine thermal trans-

ment. In an ideal solid solution series where only the Bi/spPort in other crystallographic directions as a function of Sb

partial substitution is responsible for random mass fluctua*

tions, the end members should hagg=B5,=0 and the
factor 8 should have a maximum value a&0.5. In our
case, the factog shows a maximum at~0.65 andBg; (z
=0) and Bg,(z=1) are not zero. Thus, this factor is not

substitution.
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