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Highly anisotropic crystal growth and thermoelectric properties
of K,Big_,Sb,Se;; solid solutions: Band gap anomaly at low X
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The thermoelectric properties of solid solutions of the typ&,Big_,ShSe; (0<x<8) were
studied with respect to thermal behavior, band gap variation, and charge transport properties as a
function of x. At x values between 0 and 1.5, the energy band gap is observed to decrease
(anomalousbefore it widens with increasingvalues as would be expected. For selected members

of the solid solutions, the Bridgman technique was applied to obtain well-grown oriented ingots that
were used to measure the thermal conductivity and charge transport properties in different growth
directions. The measurements showed a strong anisotropy in thermoelectric properties with the
largest anisotropy observed in the electrical conductivity. Lattice thermal conductivities of the
selected solid solutions were observed to decrease whenwhleie increases. Preliminary doping
studies on thex=1.6 member were carried out and it was shown that it is possible to significantly
increase the power factor. @002 American Institute of Physic§DOI: 10.1063/1.14819G7

I. INTRODUCTION moelectric properties. Alkali metals tend to create structural
complexity in the crystal that can lead to complex electronic
Candidate materials for thermoelectric applicationsstrycture. Additionally, they reside between layers or in tun-
should possess high electrical conductivity, high Seebeck Csels created by covalent frameworks and because they are
efficient, and low thermal conductivity, so that the thermo-jopically interacting with the framework they tend to rattle as
electric figure of meriZT can be maximized.To increase  royealed by their high thermal displacement paramétére
ZT, it is necessary either to increase the power factor ( structure ofB-K,BizSey; (Ref. 6 presents several key char-

2 ..
'S )t grbdet(r:]rei/lsettt?e theI%mal tco.n?ucu.;/:y lor tbOth' AS SUGteristics that include two different interconnected types of
gested by the VIOt Tormufamatenals with €lectronic Com- - gj,qq pigcks, K ions positionally and compositionally disor-

plexities near the Fermi level have a good chance to POSSESS 4 with Bi or other K atoms. over the same crystallo-

high Seebeck coefficient. On the other hand, decrease of thera hic sites. and looselv bound K atoms in tunnels. These
lattice thermal conductivity can be accomplished with mateJ'aP ' y '

rials that fit the concept of “phonon glass electron crystal” fggtures seem o be responsible for t6he IOW thermgl conduc-
through “rattling” atoms in cages or tunnels of the structure,t'v'ty O,f this compounad(~1.3 W{m K).” Doping studles. on
or by materials with complex compositions, large unit ceIIs,{B'KZB'SSE*—3 have shoyvp that itZT can be substantially
low crystal symmetry, and site occupancy disorder providedMProved, mainly by raising the power facfor. o
The latter can be provided through the mixed occupation of I this work, 8-K;BizSe 3 was alloyed with its isostruc-
different atoms in a series of solid solution@.g., ural K:ShSes analoé to produce a series of compounds
Bi,_ShTes). with the formula KBig_,ShSes;. The Sh/Bi substitution
Our investigations of ternary and quaternary compound¥/as performed in order to generate extensive mass fluctua-
of bismuth chalcogenidésiave shown that several multinary tions in the lattice of3-K;BigSe ;3 and to study the effect of
compounds containing alkali metals present promising therthese fluctuations on the thermal and charge transport prop-
erties of these materials. We find that the band gaps and the
dAlso at: Department of Physics, Aristotle University of Thessaloniki, melt_mg points vary .SyStema.tlca"y asa funCtlomovarlous
54006 Thessaloniki, Greece. K,Big_ShSe 3 solid solutions were prepared with the
Electronic mail: kanatzid@cem.msu.edu Bridgman techniquin order to grow large highly oriented
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ingot samples so we could study the effects of the crystalemperature gradient of15 °C/cm. The material was placed
orientation and compositiofi.e., value ofx) on the lattice in a rounded bottom silica tube and 9 mm outer diameter,
thermal conductivity and the power factor. Indeed, these maand flame sealed under vacuuri 10~ # Torr). The tube was
terials showed strong anisotropy in their thermoelectric perfowered through the temperature gradient profile with a
formance. Doping studies using excess of Se were performedtopping rate of~0.3 cm/h.

on selected solid solution members in order to study the Scanning electron microscopy/energy dispersive spec-
variation of the thermoelectric properties. Preliminary dop-troscopy (SEM/EDS analysis on different spots along the
ing studies using varying amounts of excess Se, Pb, and Sngots showed that products were pure with no variatior of

were also performed on one solid solution member. For example, analysis at different spots along the oriented
ingot for memberx=4 showed 8.51.5wt% K, 17.9
A. Reagents

C. Electron microscopy
Chemicals used in this work were generously provided oL . . .
by Tellurex Inc. as obtained: bismuth chur(e9.999%, an- Quantitative microprobe analyses and crystal imaging of

timony chunks(99.999%, selenium shot¢99.999%, and the compounds were performed with a JEOL JSM-35C scan-

potassium chunké98% Aldrich Chemical Co., Inc., Milwau- ning electron microscope equipped with a Tracor Northern
kee, W) ' ' EDS detector. Data were acquired using an accelerating volt-

age of 20 kV and a 1 min accumulation time. The composi-
_ tions reported here are the result of averaging a large number
B. Synthesis and crystal growth of independent measurements from a given sample.

All manipulations were carried out under a dry nitrogen
atmosphere in a Vacuum Atmospheres Dri-Lab glovebox. D. Differential thermal analysis

(1) B-K,BigSes;: A mixture of potassium metal0.282 g. Differential Thermal Analysis(DTA) was performed
7.2 mmo), bismuth(6.021 g, 28.8 mmg) and selenium  with a computer-controlled Shimadzu DTA-50 thermal ana-
(3.697 g, 46.8 mmoglwas loaded into a silica tube and lyzer. The ground single crysta(s-30 mg total magswere
subsequently flame sealed at a residual pressure @&kaled in silica ampoules under a vacuum. A silica ampoule
<10 “ Torr. The mixture was heated to 850 °C over 12 containing alumina of equal mass was sealed and placed on
h and kept there for 1 h, followed by cooling to 450 °C the reference side of the detector. The samples were heated
and kept there for 48 h and cooling at 50 °C at a rate ofto 850 °C at 10 °C/min where isothermed for 5 min followed
~15°C/h. The mixture was annealed at 450 °C for 48 hby cooling at 10 °C/min to room temperature and finally this
in order to have purg-K,BigSe; phase products. cycle was repeated. The DTA sample was examined with

(2) K,ShySe3: A mixture of potassium metd0.376 g, 9.6  powder x-ray diffraction after the experiment.
mmol), antimony (4.686 g, 38.5 mmg) and selenium
(4.938 g, 62.5 mmoglwas loaded into a silica tube and E
subsequently flame sealed at a residual pressure of
<10 %4 Torr. The mixture was heated to 850 °C over 12 Optical diffuse reflectance measurements were carried
h and kept there for 1 h, followed by cooling to 50 °C at out on finely ground samples at room temperature. The spec-
a rate of~15 °C/h. The desired phase was obtained withtra were recorded, in the infrared regié000—400 crii?),
>95% purity. with the use of a Nicolet MAGNA-IR 750 Spectrometer

(3) K,Big_,ShSas: Mixtures of B-K,BigSes; and equipped with a diffuse reflectance attachment from Spectra-
K,ShSe in various proportions were loaded into a Tech. Inc. In the 200—2500 nm region, optical diffuse reflec-
silica tube and subsequently flame sealed at a residué®nce measurements were also performed at room tempera-
pressure of<10 * Torr. The mixtures were heated to ture in a Shimadzu UV-3101 PC double-beam, double-
850°C over 12 h and kept there for 1 h, followed by monochromator spectrophotometer, equipped with an
cooling to 50°C at a rate of-15°C/h. For example, integrating sphere. The measurement of diffuse reflectivity
K,Big_,ShSe; (x=1.6) was prepared by mixing 7 g can be used to obtain values for the band gap that agree
K,BigSas (2.52 mmo) and 1.310 g KSh;Se, (0.63  rather well with the values obtained by transmission mea-
mmol). Some of the samples were prepared by mixingsurements from single crystals of the same material. Absorp-
potassium metal, bismuth, antimony, and selenium. Fofon (a/S) data were calculated from the reflectance data
example KBig_,ShSe; (x=1.6) with 0.2% Se excess Using Kubelka—Munk function: a/S=(1-R)?/2R, whereR
was prepared by mixing 0.271 g6.9 mmo), 5.086 g is the reflectance at a given wavenumkers the absorption

Bi (24.3 mmo), 0.741 g Sh6.1 mmo), and 3.911 g Se coefficient, andSis the scattering coefficient. The scattering
(49.5 mmo). coefficient has been shoWio be practically wave number

independent for particles larger thanun, which is smaller
Highly oriented crystal ingots of selected compositionthan the particles size of the samples used in this work. The
of K,Big_,ShSes; were grown with modified Bridgman band gap was determined as the intersection point between
techniqgue. They were obtained by recrystallizingenergy axis at the absorption offset and the line extrapolated
K,Big_,ShSe; in a vertical single-zone furnace, with a from the linear absorption edge inadS versuskE (eV) plot.

Infrared and ultraviolet /visible spectroscopy
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F. Charge-transport and thermal conductivity 700

measurements
650 | ]

Electrical resistivity was measured using a Linear Re-
search ac bridge with 16 Hz excitation in a cryostat equipped
with a magnet capable of fields up to 5.5 T. Thermal conduc-
tivity and Seebeck coefficient were determined using a lon-
gitudinal steady-state method over the temperature range
4-300 K. In this case, samples were attacheing either a
low melting point solder or silver-loaded epoxp the cold
tip of the cryostat, while the other end of the sample was Temperature (°C)
provided with a small strain gauge resisttrin film), which 30 1 2 3 "1 5 é 7 8
serves as a heater. The temperature difference across the x
sample was measured using differential chromel-constantan
thermocouple. The Seebeck voltage was measured with thfriG. 1. Melting points of the KBis_,ShSe; solid solutions vsx and
copper wire the thermopower of which was calibratedgfgﬁggfilrgzirgﬁ' :\;‘;ﬁ’:'ﬁnseb for memben=1.6 showing the melting
against a highF: superconductor up to 134 K. '

The samples for the charge-transport, thermal conductiv-
ity, and Hall effect measurements were cut in about33 introduction of Sb metal favors the formation of the

x5 mm? dimensions with the 5 mm length along the needleg K, BiSe, structure type and avoids the,KBigsSe,
direction, using precision saw ISOMET low speed saw, atppase. o

tached with diamond blade of 10.2 cm diameter and 0.3 MM The melting points of the end membegsK,BigSea

thickness. and K;Sh;Se ; were found to be 700 °C and 460 °C, respec-
tively. The solid solutions have melting points in between
with no eutectic composition present, see Fig. 1. The mono-
G. Powder x-ray diffraction tonic decrease of melting points indicates the incorporation
of Sh in theB-K,BigSe ; phase.
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The solid solutions were examined by x-ray powder dif-
fraction to assess phase purity, for identification and determi-
nation of the lattice parameters. Powder patterns were od3. Energy gap dependence on concentration—
tained using a Rigaku Rotaflex powder x-ray diffractometerAnomalous behavior at low  x

with Ni-filtered Cu Ko radiation Operating at 45 kV and 100 The Semiconducting energy ga@,, of the end mem-
mA. The data were collected at a rate of 2 °/min. The purityhers and solid solutions were determined optically at room
of phases for the solid solutions was confirmed by comparitemperature using mid and near-infrared spectroscopy. The
son of x-ray powder diffraction pattern to the calculated onesnergy gaps were manifest themselves as well defined and
from single-crystal data for3-K;BigSe; using CeriuS  aprupt changes in the absorption coefficiEfity. 2a) for x
software’ =1.6]. Given that energy gaps of the end members
K,BigSe; and KShSe; are 0.59 eV and 0.78 eV
respectively a gradual increase of the band gap of the
IIl. RESULTS AND DISCUSSION K,Big_,ShSe ; solid solutions with increasing Sb participa-
tion would be expected. However, it is surprising to observe
that small amounts of Sb incorporation into thgB{gSe 5
B-K;BigSe is formed as an ingot by reacting a sto- structure actually cause tti€,; to decrease, slightly but dis-
ichiometric combination of potassium metal, bismuth, andcernibly, achieving a minimum of 0.57 eV at- 1.5, see Fig.
selenium at 850 °C. The products, however, tend to hav@(b). The significant increase igy actually starts when Sh
K, sBigSe, phasé as an impurity(~20%) because these atoms replace>30% of Bi atoms. This implies that up to
two phases are closely related in composition and structurd0% Sh incorporation=2.5) does not disturb significantly
and are both formed under similar conditions. A pure phas¢he energy bands close to Fermi level.
of B-K,BigSe3 can be produced by annealing treatment of  In order to understand the anomalyHiy variation with
the mixed-phase product at 450°C for more than 48 hx, it is essential to consider the crystal structure of
K,Sh;Se; was easily formed as a single-phase product by 8-K,BigSe;, which is made of infinite NaGt-type rods
stoichiometric reaction at 850 °C. arranged side by side to form layers perpendicular tocthe
To prepare the KBig_ ,ShSe; (0<x<8) solid solu- axis, Fig. 3. Then infinite rods of NaCl-type connect the
tions B-K,BigSe; and K,Sh;Se; were mixed in various layers to build a three-dimensioné8D) framework, which
proportions at 850 °C. Some of the samples were prepared hyreates the needlelike crystal morphology, with tunnels filled
reacting a stoichiometric combination of potassium metalwith K* cations. In a previous single-crystal analysis study
bismuth, antimony, and selenium at 850 °C. The solid soluef solid solution members with=4.0 and 2.4, we learned
tions were obtained as a pure phase, which was confirmed lipat the Sb incorporation into this lattice is in fact
powder x-ray diffraction, making additional thermal treat- nonuniform*! The most susceptible sites in the structure to
ments unnecessary. From these reactions, it appears that thecept Sb atoms are the potassilh andM8 sites[here

A. Sample preparation and thermal analysis
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FIG. 2. (a) Representative infrared absorption spectrum gBil{_,Sh Se 3
(x=1.6) showing band gap of 0.58 eM) Variation of the energy gap with
x in the K;Big_,Sh Se; solid solutions.

fully occupied by Sb, St8)] which appear to be the first to
fill with Sb, see Fig. 3. Therefore, the slight narrowing of the

Kyratsi et al.

NaCI111 -type
block

NaCl100 -type
block WP

FIG. 3. The crystal structure of Big_,Sh.Se; (x=4.0 and 2.4with atom
labeling showing the&K1 andM8 sites. These sites are the first to be sub-
stituted with Sb.

(Eq~0.3eV)*? to ShySey (Eq~1.1 V)" from Bi,Te; (Eq
~0.13eV) to ShTe; (E4~0.28eV)!® or B-K,BigSas
(Eq~0.59 eV) to KShSa; (Eq~0.78 eV).

C. Lattice parameters

The lattice parameters of various members of
K,Big_,ShSe ; solid solutions series were determined using
the experimental powder diffraction patterns and were re-
fined with the progranu-FIT.X* The composition dependence
of the unit cell volume is shown in Fig. 4. The volume de-
creases as Sb participation increases as expected due to its
smaller size. The slope of the variation seems greater for low
Sb concentrationX<2) than for high Sb concentration i.e.,
x>2. Again, this change in slope is due to the preference of
Sb atoms to occupy the high coordinated sit®q8) and
K(1)] of the structur& first. Thus, the concentration of the
unit cell is faster at the early stages of Sb substitutirn (
<2). Forx>2, Bi/Sb distribution is random on the other
heavy metal octahedral sites. In this range the unit cell vol-
ume variation follows Vegard'’s law, which is the typical be-
havior for solid solutions.

energy gap may be due to the fact that Sb initially affects

sites occupied by Ki.e., K1 siteg. The K* ions are simply

spectator ions not contributing significantly to the electronic 1380 . [ ‘ ]
structure at the Fermi level because they are only ionically 1370 F ]
interacting with thg BigSe;5]2~ framework. Their valence ; ]
. -~ 87 ) 1360 | 7
andp orbital energies lie very high and away from those of :
Bi and Se atoms. This is not the case with? Slions how- 1350
ever, and any substitutiomaa K site will generate substan- & j
tial covalent interactions with thgBigSe3]?>~ framework L 1340 3
thus altering the electronic structure at the Fermi level 1330 [
through band broadening consequently reducing the energ :
gap. On the other hand, substitution of Sb on a Bi site of 1320 ¢
B-K,BigSe3, which happens ag increases, has a com- 1310 L
pletely different effect. Antimony atoms are smaller than Bi ?
atoms and possess lower-energy atomic orbitals, which cat 1300 e
0 1 2 3 4 5 6 7 8

lead to wider energy gap by lowering the top of the valence
band and more importantly raising the bottom of the conduc-

tion band. In this case, the factors operating are the same
those responsible for increasing thg in going from B, Sey

@fG. 4. variation of the volume of the unit cell withx in the
K,Big_,ShSe; solid solutions.
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FIG. 5. (a) Photo of the broken ingot of }8i5_,ShSe; (x=1.6) and(b)
SEM photo for its inside surfacéc) SEM photo of the inside surface of a
broken ingot of KBig_,ShSes; (x=2.4) and(d) its high magnification e e
SEM photo showing long smooth fiberlike morphology typical of the entire 1
(b)

bodies of the ingots. The presence of many needle boundaries perpendicul:
to the growth direction is evident.

N O

D. Crystal growth

Because the ¥Big_,ShSe; solid solutions grew well
as highly oriented dense polycrystalline ingots, using a modi-
fied vertical drop Bridgman technique, they presented an ex:
cellent opportunity to study not only the electrical and ther-
mal transport properties as a function xf but also the
directional anisotropy in these properties. Selected composi
tions of K;Big_,Sh Se ; (0<x<4) solid solutions were pre-
pared and growi? as large ingot$~3 cm). The ingots con- A N RN
sisted of well-oriented needlelike crystals parallel to the 10 20 30 40 50 60
sample translation axis. The samples show excellent direc 26, deg
tionally solidifying properties with the crystal needles often
spanning the length Of th? grown ingot, Flgca}_’ (for x FIG. 6. X-ray diffraction pattern of KBig_,ShSe; (x=1.6) sample ex-
=1.6). The SEM photo in Fig. &) shows the inside surface posed paralle(a) and perpendiculah) to growth direction(Cu Ka radia-
of a broken ingot; Fig. &) shows the needles of a highly tion).
oriented part of the ingoffor x=2.4) and its high magnifi-
cation SEM photo showing long smooth fiber like morphol-
ogy is shown in Fig. &). The ingots were cut with a dia- weak negative temperature dependence, consistent with a
mond blade saw to obtain specimens parallel andemimetal or a narrow-gap semiconductor behavior, see Fig.
perpendicular to the growth axis exposure. Peak indexed. In going fromx=0.8 to x=1.6, the room-temperature
x-ray diffraction profiles associated with the two different values increase from 55 to 292 S/cm. The observed differ-
ingot orientations of the ¥Big_,ShSe; (x=1.6) sample ences in these two samples can be understood from the Hall
are shown in Fig. 6. The lack of simultaneous occurrence oéffect measurements.
peaks in the two diffraction patterns indicates an extremely  The Hall coefficient valuesR},) for both members were
high degree of orientatio(t>95%). Diffraction profiles from  negative in sign, indicating electrons as the major charge
specimens, with exposed surface parallel to growth axisgarrier(ntype) in agreement with the observed negative See-
consist of f0l) reflectiong]Fig. 6(@)] while (020 reflection  beck coefficients(see next Interestingly, all bismuth se-
becomes the strongest on the other direcfiexposed sur- lenide based materials that we are aware of possess electrons
face perpendicular to growth axis, Figbg]. as the major charge-transport carrietype) whereag-type
materials are virtually unknown. The carrier concentration
was calculatedRy=1/(n-e)] to be ~1.6x10?°° cm 2 for
x=0.8 and~1.1x 10?° cm 3 for x=1.6, Fig. 8. These val-
Electrical conductivity measurements on ues indicate that the “as-prepared” samples were in a rela-
K,Big_ShSe 3 solid solutions were carried out along the tively highly doped state. This is supported by the fact that
needle directior(i.e., crystallographid axis) for the mem- the carrier concentration shows very little dependence with
bers ofx=0.8 andx=1.6. The electrical conductivity has a the temperature, which indicates the absence of band to band

Intensity

E. Charge transport properties
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FIG. 7. Temperature dependence of the electrical conductivity ef3a y _
X 3X 5 mn? ingot sample of KBig_,ShSe; solid solutions fox=0.8 and ~ FIG. 9. Temperature dependence of mobility of theBk;_,Sh Se solid
1.6. solutions forx=0.8 and 1.6.

L . . needle spacetsee Fig. % could influence dramatically the
excitation over the entire temperature range 4—300 K, Fig. 8mobi|ity and thus the electrical conductivit§

The Hall mobility (uy=Ry-o) at room temperature Thermoelectric power measurements on
was greater for thex_:1.6 sar_nple(~1_6 cnfivs) fchar_l forx K,Big_,ShSe ; solid solutions were also carried out along
=0.8(~2 cnf/Vs), Fig. 9. This explains the main difference o peedle direction for the members 0.8 andx=1.6. The
in the electrical conductivityfactor >5) betweqn the two Seebeck coefficients are negative in value and become less
members. As ?XPeCt?d' for a degenerate semlconductor_o&%gative as the temperature is decreased from room tempera-
metal, the mobilities increase at lower temperature and this i, & 4own to 4 K. consistent with highly dopeetype semi-
responsible for the observed metallike temperature deperE:bnductors, see Fig. 10. The Seebeck coefficients at room

dence of the electrical conductivity. Overall, the Hall mobili- temperature were-127 uV/K for x=0.8 and—100 xV/K
ties are relatively low and indicate the existence of many . _ 1 g '

defects and other scattering centers in these ingots. At this

stage, it i; unclear wha_t the nature and gxtgnt of these defegts Thermal conductivity

are. Possible sources include the substitutional mass fluctua-

tion disorder between K/Bi/Sb in the structure, atom vacan- The mass fluctuation generated in the lattice of
cies, as well as positively charged potassium atowtsich ~ K2BigSes by the mixed occupation of Sb and Bi atoms is
exhibit static positional disordgt* The role of these scatter- €xpected to reduce the lattice thermal conductivity. The lat-
ing carriers needs to be understood. Also, macroscopic infice thermal conductivity £;) can be obtained by subtracting

perfections in the ingots such as grain boundaries and intefhe electronic contribution ) from the total thermal
conductivity!” The latter can be estimated by applying the

1021_""I""f"“\""l""l"" T T
—&—x-0.8 ]
Tt x=16 o x=16 ]
o x=0.8 ]
- R —_
& 1 .
Py gog i e — — o~ — %1 3
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-100 |- "8 o
o
-120 r b a 7
i g
00 Lo v v ey e _140‘.|A.I...‘IA|..I....I...I. ]
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature (K) Temperature (K)

FIG. 8. Temperature dependence of carrier concentration of thd=IG. 10. Temperature dependence of Seebeck coefficient of3a&3
K,Big_,ShSe; solid solutions forx=0.8 and 1.6. X 5 mn? ingot sample of KBig_,Sh Se 3 solid solutions fox=0.8 and 1.6.
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FIG. 11. Temperature dependence of lattice thermal conductivity of thengot sample of KBig_,Sh.Se; (x=1.6) with 0.2% Se excess.
K,Big_,Sh,Se; solid solutions forx=0.8 and 1.6.

W/mK and optimized Bi_,Sh Te; solid solutions possess
Wiedemann—Franz Law.=o-L-T, whereL is the Lorenz  values below 1 W/m K°

number taketf to be ~2.44x 1078 V?/K?, ¢ is the electri-
cal conductivity, andr is the temperature.

Lattice thermal conductivity of both members of solid G- Doping studies
solutions, see Fig. 11, exhibit a peak af K, which is The experimental data discussed herein on the selected
caused by the competition between the phonon—boundagyembers of the KBig_,Sh.Sa s system indicate that these
scattering and umklapp phonon—phonon interactiéiEe  samples possess many defects that resulted in high carrier
peak is suppressed far=1.6 due to the increased disorder in concentration and low mobility. We surmised that a possible
the heavy metal sites comparedxe 0.8. source of these defects in the ingot could be the loss of some

The measured thermal conductivity was 1.4 and 1.25e due to vaporization during sample preparation. This loss
W/mK for x=0.8 and 1.6 at room temperature, respectivelyould create atom vacancies that could contribute two extra
and the lattice thermal conductivitiegsestimated after glectrons to the conduction band as well as act as scattering
Wiedemann—Franz correctiondecrease from 1.36 W/mK  centers. To explore this possibility, ingots doped with a com-
for x=0.8 to 1.0 W/mK forx=1.6, Fig. 11. The lattice pensating 0.2 wt% Se excess were prepared and studied.
thermal conductivity is estimated to be as low ad.1  additionally, in an attempt to increase the power factor, pre-
W/mK for x=0.8 and~0.6 W/mK forx=1.6 after correc-  |iminary doping studies were carried out using dopants such
tion of the measured thermal conductivity for radiation a5 pp and Sn in different concentrations on oriented ingots of
losses based on-T® law."® These values are lower than K_Bi, ,ShSes (x=1.6). This member was selected be-
Bi,Te; that possesses lattice thermal conductivity below 1.%:ayse it possessed the lowest lattice thermal conductivity

among the samples examined.

10— 100
[ ] H. K,Big_,Sb,Se;; doped with excess of Se
o M An oriented ingot of KBig_,Sh Se; (x=1.6) was pre-
o o o & pared with 0.2 wt % excess Se added in the reaction mixture.
The electrical conductivity measurements along the growth
direction gave a significantly higher value of 746 S/cm at
room temperature compared to 292 S/cm for the same mem-
ber with no Se added, see Figs. 12 and 7. Hall effect mea-
surements for samples with 0.2 wt % Se excess gave a carrier
concentration of about 1:710°° cm™ 2 and an increased Hall
mobility of ~30 cnf/Vs. The weak temperature dependence
of Hall mobility is shown in Fig. 12.
100 P ——— The Seebeck coefficient decreased with the addition of
0 50 100 150 200 250 300 0.2 wt% Se from~—100 to~—74 uV/K, Fig. 13, and this
T(K) can be attributed to the increase in carrier concentration.
FIG. 12. Electrical conductivity and mobility of-3x3x5mn? ingot ~ 1hermal conductivity along the needle direction of the
sample of KBig_,ShSe; (x=1.6) with 0.2% Se excess. sample &=1.6) with Se excess was 1.16 W/mK at room

1000 YHIeTR0e0ee0 00 0 0 0 0 0 o,
A * e
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=
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TABLE I. Electrical conductivity, Seebeck coefficient, power fact?«), thermal conductivity, and T at 300
K and extrapolated power factor a@d at 500 K of doped KBig_,ShSe; (x=1.6).

Dopant o ] So K S50 k
(mol %) (Slcm (uVIK) (uW/cm K?) (W/m K) zZT (uW/cm K?) ZTs00k

292 —100 2.92 1.21 0.07 4.3 0.18
0.05 Pb 375 —78 2.28 0.84 0.08 3.1 0.19
0.10 Pb 188 —86 1.39 1.02 0.04 2.0 0.10
0.50 Pb 42 —82 0.28 1.02 0.01 0.4 0.02
1.00 Pb 78 —75 0.44 0.96 0.01 0.6 0.03
0.20 Sn 1096 -79 6.24 1.08 0.17 9.6 0.45
0.50 Sn 540 —87 4.09 1.32 0.09 4.0 0.15
1.00 Sn 638 —64 2.61 1.25 0.06 4.2 0.17

temperaturgFig. 13. The power factor increased by factor dopant, and a maximum of 1096 S/cm using 0.2 mol % Sn.
of ~1.4 and overall, th&T of this sample increased by a We believe that the variation in the electrical conductivity of
factor of ~1.4. the doped samples viswas undoped is attributed not only to
A similar increase inZT was observed in th&«=0.8 changes in carrier concentration but also changes in mobility.
member when excess Se was added. The electrical conduieierestingly, the thermal conductivity of all samples re-
tivity increased dramatically at room temperature rising frommained relatively unchanged, see Table I. A promising power
55 S/cm in the original sample to 495 S/cm in the sampléactor of 6.24uW/cm K? was obtained for the sample doped
with 0.2 wt% Se excess added. Hall effect measurementwith 0.2 mol % Sn, which giveZT of 0.17 at room tempera-
show that the increasing electrical conductivity is dominatedure.
by the significant increase of mobility~18 cnf/V's, in- The trend of the power factor argT in all samples is to
creasing by a factor of9) rather than the increase in carrier increase substantially at higher temperatures, mainly due to
concentration(similar room temperature value of1.7 the continued increase of the Seebeck coefficient. Indeed,
X 107° cm™3). Although the Seebeck coefficient decreasedpreliminary measuremerifsup to 700 K indicate that the
from —127 to—92 uV/K, the power factor increased signifi- Seebeck coefficient keeps increasing almost linearly without
cantly by a factor of~5. The thermal conductivity of the a slope change. This gives a strong reason to extrapolate the
sample with Se excess wasl.3 W/mK at room tempera- data at higher temperature and estimate the power factor and
ture, relatively unchanged from the previous value. Overallthe ZT. This was performed based on a quadratic fitting of
the ZT in this sample increased spectacularly by a factor of 5the resistivity and linear fitting of Seebeck coefficient. Table
mainly due to the significant increase in electrical conductiv-l includes the extrapolated values for all doped samples at
ity and the absence of significant losses in Seebeck coeffb00 K. ZT as high as 0.45 is predicted forRBig_,Sh.Se
cient. (x=1.6) with 0.2% Sn. These results suggest that we should
For both samples, the hypothesis of the high carrier coneonsider these materials promising for high-temperature ap-
centration observed in the as-prepared samples does nplications. However, measurements at higher temperatures
seem to be valid. It would appear that Se doping plays di.e., 300—700 K need to be done.
more complex role since it does not significantly affect the
carrier concentration, yet, it results in a marked increase in
Hall mobility (factor of ~2 forx=1.6 and~9 forx=0.8). In 3 Anisotropy of thermoelectric properties:
any case, these results suggest that Se excess may be NMBasurements perpendicular to the growth axis
important mechanism for defect elimination and therefore Se

doping could be an interesting and effective way to controlt Bgcautse tthe EBlsd—xSQSr?sl mate{@s ?rethlghltytan|sol-
the properties in these materials, ropic in structure and morphology, it is of interest to evalu-

ate their transport properties in different growth directions.
|. Doped K ,Big_,Sb,Se.s (x=1.6) with Pb and Sn Th.erefore, we performed .ellectrical conductivity, Seebeck co-
: 2718 x xS ' efficient, thermal conductivity, and Hall effect measurements
K,Big_,ShSe; (x=1.6) was selected to examine how on the membex=1.6 of K,Big_,ShSe; parallel and per-
sensitively it responds to the addition of “external” impuri- pendicular to the growth directiofi.e., crystallographid
ties using dopants such as Sn and Pb. The doping concentraxis).
tions used and results obtained are presented in Table I. The Electrical conductivity measurements along both direc-
charge-transport properties of these doped materials wet@ns, as a function of temperature, showed spectacular an-
measured along the needle direction on grown ingots. For alsotropy, see Fig. 14). The room-temperature value along
doping concentrations employed, the Seebeck coefficient dhe needle direction was292 S/cm, about five times larger
the samples was lower than in the undoped versions dhan perpendicular to it at-59 S/cm. Seebeck coefficients
K,Big_,ShSe; (x=1.6). This is consistent with the small on the same sample parallel and perpendicular to the needle
increase in carrier concentration in the doped samples. Eledirection showed much less anisotropy with room-
trical conductivity values in the doped samples gave a minitemperature values of 100 wV/K and —84 uV/K, respec-
mum of 42 S/cm at room temperature using 0.5 mol % Pb atively, see Fig. 1&).
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FIG. 14. (a) Electrical conductivity,(b) Seebeck coefficient(c) Hall mobility, and (d) thermal conductivity of a~3x3X5 mnt ingot sample of
K,Big_,ShSe; (x=1.6) parallel and normal to the needle direction with temperature.

The Hall mobilities parallel and perpendicular to the © gf
needle direction were-16 cnf/V's and~3 cn?/V s, respec- K f a?(f*)S/ZTx(é* )de*
tively, at room temperature, Fig. @@}. Thus, the mobility sxz__B 0 -7, 2)
drops significantly when current flows perpendicular to the e J'w Jf (e¥)¥27,(* )de*
needles. This could be due to heavier carrier effective 0 de* *

masse¥ in this direction and boundary scattering, caused by

the interneedle space and/or microcracks. The microcrack¥herekg is the Boltzman constanty* is the effective mass,
could be present because of easy cleavage along the needie is the reduced energyelkgT), 7(€*) is the relaxation
direction. The strong anisotropy in mobility causes the Sig_time,f is the distribution functiony is the reduced Fermi
nificant anisotropy in the electrical conductivity in the two €Nergy €r/kgT), andF () is the Fermi integral
directions. The weak temperature dependence of the mobility v gy

and the different slopes in the two directions suggest an an- Fo ,]):f - =
isotropic mixed scattering mechanism that affects the con- o 1+exp(x—17)
ductivity, as well as the Seebeck coefficient. However, the

anisotropy in the Seebeck coefficient is much less comparegom Eas{1)—(3), itis clear that for conduction along the
to that of the electrical conductivity. direction in an anisotropic material, the electrical conductiv-

For a single-band model, the electrical conductivity e.g.,'ty depfends_ strongly on the effective mass1(m,) and t_h_e
along thex is given by?® _relaxatlo_n time along. In contrast, thg Seebeck coeff|C|en_t
is not directly affected by the effective mass. Although it
depends on the relaxation time, according to &) .the de-
=t L, pendence involves the ratio af(€*) containing integrals;
one? fo g (€7)7 e )de thus, the influence of relaxation time is severely damped.
(1)  This argument is consistent with the observed experimental
data here, where the electrical conductivity ratio along) (
and perpendiculard,) to the needle direction is-5 while
while the Seebeck coefficient is given by the same ratio of Seebeck coefficient is only.1.

()

g,= . s
o 3my Fua7)
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A substantial anisotropy was also observed in the ther- Thermal conductivity anisotropy is caused by the contri-
mal transport properties of this samplee., x=1.6) The  bution of two terms, the electronic and lattice. The electronic
thermal conductivity perpendicular to the needle axis is onlycontribution is given by the Wiedemann—Franz lawg(
about half that in the parallel direction. Thus, the room-=¢-L-T) and is affected by the electrical conductivity and
temperature value in the perpendicular direction is extremelyhe Lorenz factor anisotropy. The Lorenz factor alondi-
low at 0.64 W/mK, Fig. 14d). rection is giveR® by:

= gf = gf
k2 J'O Je* (E*)slsz(e*)de* : J'O Je* (6*)7/27'x(6*)d6* -
_ "B

eZ

o (7f 2
f (6* )5/2TX( €* )dé* A

0 076*

, 4

x=

0 Je*

o0 2
f O”—f(e*)mrx(e*)de*}

and since again the dependence involves the ratio of intestrong anisotropy in the charge-transport properties and ther-
grals, the influence of the relaxation time is weak. The sim-mal conductivity. Future studies in these needlelike materials
plest approach for the lattice contribution in the thermal conshould be done along the needle direction as suggested by
ductivity, according to Debye, is givéhby: the significantly higher overall thermoelectric performance.
K=1C.p-€ 5) The_ WeII-orientec_i poly_crystalline sampl_eg of the
' K,Big_,ShSe; solid solutions showed promising thermo-
whereC is the specific heat per unit volumejs the average electric properties. Crystal growth needs to be improved fur-
phonon velocity, and’ is the average mean free path of ather in order to enhance needle width and reduce interneedle
phonon both of which depend of crystallographic direction. grain boundaries, which should lead to even higher mobili-
When heat propagates parallel to the needle axis ofies and enhanced power factors.
K,Big_,ShSes, it flows through the relatively regular
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