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ABSTRACT

The field of thermoelectric research has attraceldt of interest in hope of
helping address the energy crisis. In recent yelas;dimensional thermoelectric
materials have been found promising and thus becanpepular school of thought.
However, the high complexity and cost for fabricgtiow-dimensional materials give
rise to the attempt to further improve conventiomallk polycrystalline materials.
Polycrystals are featured by numerous grain bouesldhat can scatter heat-carrying
phonons to significantly reduce the thermal coniigtx whereas at the same time can
unfortunately deteriorate the electrical resisyiyit Aiming at the dualism of the grain
boundaries in determining the transport propermepolycrystalline materials, a novel
concept of “grain boundary engineering” has beeoppsed in order to have a
thermoelectrically favorable grain boundary. Irstdissertation, a polycrystalline p-type
Bi;Te; system has been intensively investigated in lighsuch a concept that was

realized through a hydrothermal nano-coating treatrtechnique.

P-type Bb.Sh eTes; powder was hydrothermally treated with alkali nhetalt
XBH; (X = Na, K or Rb) solution. After the treatment, thdormed an alkali-metal-
containing surface layer of nanometers thick ongHg,Te; grains. The Na-treatment,
leaving the Seebeck coefficiemtalmost untouched, loweredthe most while the Rb-
treatment at the same time increaseslightly and decreasedthe most. Compared to
the untreated sample, Na- and Rb-treatments imgdrthe dimensionless figure of merit

ZT by ~ 30% due to the reducednd ~ 38% owing to the improved the power faéter



respectively. The grain boundary phase providesew avenue by which one can
potentially decouple the otherwise inter-relatedp and x within one thermoelectric
material. The morphologic investigation showed tusface layer lacked crystallinity, if

any, and was possibly an amorphous phase.

Once Na- and Rb-treatments with various molar satvere applied to the same
sample, a similar grain boundary layer formed vathompositional gradient along the
depth direction. The Hall effect measurements skiotiat the grain boundary phase
introduced new carriers into the system and thebypensated the loss in mobility.
With a almost untouched, theto « ratio has been optimized by varying the Na:Rlorati
in the starting solution. As a result, the Na:Rb:2 ratio yielded the bedT value of ~

0.92 at 350K, comparable with that of the statéhefart p-BiTes commercial ingot.

BesidesZT, the hydrothermal treatment lessened the temperaependence of
compatibility factorS of as-treated polycrystalline samples, helpingharmoelectric

device have overall better performance even iidtribt work under its optimal condition.
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1. INTRODUCTION

1.1 The Seebeck Effect

The imminent oil crisis has revitalized research ttermoelectricity as an
alternative power generation approactithermoelectric effects actually consist of three
separate effects, the Seebeck effect, the Peltiecteand the Thomson effect, all of
which were named after their discover&fBeing the first effect reported, the Seebeck
effect (Figure 1.1) was discovered in 1821 by Thedwahann Seebeck who observed the
deflection of a compass needle due to a nearbyitimtade from two dissimilar metals,
with junctions at different temperaturédhe temperature differenc&T produced an
electrical potentiaAV that drove a current in the circuit which, as penpere’s law,
deflected the compasayV is found to be proportional taT if AT is small across the

sample. Therefore, the Seebeck coefficierdr the thermopower, can be defined as

AV

a=-—
AT

(1.1)

The measurement in Figure 1.1 involves two differeaterials, thus the resultant
o. is actually the relative Seebeck coefficienat = aa — ag, Whereaa andog are the
absolute Seebeck coefficients of Metal A and Bpeetively. Even if Metal B is removed,
the thermoelectric voltage read by the voltmetavitably contains the thermoelectric
voltage across the measurement electrodes dueettethperature gradient established

there whenever the electrodes are placed onto #mapls. Therefore, unless



Metal A

() THAT

Metal B Metal B

AV

|
|
|
|
|
|
|
|
g

_———— - - -

Figure 1.1 The diagram of the Seebeck effect. An electricakptial differenceAV is
established when Junction 1 and 2, where two métaad B join, are put at differe
temperature3 andT+ AT.



one metal in Figure 1.1 is a superconductor whbselate Seebeck coefficient is z&ro,
there is no way to directly measure a material’'sollie Seebeck coefficient, which,
however, can be deduced from the Thomson relatipgghat will be discussed in the

following paragraphs.

1.2 The Peltier Effect

The Peltier effect was discovered by Jean-CharétsePin 1834° In Figure 1.2,
when a current flows through the circuit clockwise made of Met&lsand B, heat is
absorbed at Junction 1 and repelled at Junctiodefending on the direction of the
current and the metals in use. If the current mas®ugh the circuit counterclockwise,
heat would be absorbed at Junction 2 and repetlddraction 1. One may conveniently
analogize the Peltier effect to the “reversed” ®e&leffect. Likewise, the proportionality

exists between the heat flow ra®/dt and the currertt i.e.,

R_pq -m, -
5 =Ml =M =M1 (1.2)

wherellpg is the relative Peltier coefficient, afith andIlg are the coefficients of Metals
A and B, respectively. The determination of theatxelues ofll, andIlg also relies on

the Thomson relationships discussed below. In thkielP effect, one can change the
direction of heat flow by controlling the directi@f the current. Therefore, the Peltier
effect has found its application in thermoelectrefrigeration other than in power

generation, which is currently the most discusggaieations of thermoelectric materials.



Material A Material A

Material B

() Junction 1 () Junction 2

A N

Absorbs Heat Emits Heat

Figure 1.2 The diagram of the Peltier effect. When the curiers flowing througl|
Junction 1 and 2 made of matdésid and B, heat is absorbed at Junction 1 andted
another.



1.3 The Thomson Effect

In 1851 William Thomson predicted and proved in expents that in the
presence of a temperature gradient, the heat emissiabsorption take places not only
at the junctions where two different materials mbat also for any homogeneous
material that carries a currefit*In Figure 1.3, two ends of a current carrying ware
put at different temperatures. The heat absorgito@mission rate per unit length of the
wire is

dq _ dT

E = Tthl & (13)

wherel is the currentz,, the Thomson coefficient andiix, the temperature gradient

along the wire. Given the material, heat is absbdreemitted depending on the sign of

Unlike the Seebeck and Peltier coefficients, one datermine an individual
material’'s Thomson coefficient from Eg. 1.3. Acdogly, the absolute value of
Thomson coefficient is the only thermoelectric ¢ioefnt that can be directly measured.
To solve for other two thermoelectric coefficientsiomson developed two relationships

bearing his name to relate all three thermoelectrefficientsa, IT and iy

da
Ty, = Td—T (15)

where T is the temperature. The absolute valuesucdnd IT can be deduced using

Equations 1.4 and 1.5 onag is measured again$t
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Figure 1.3 The diagram of the Thomson effect. When two endswire carrying curre
| are at different temperatur@dsandT+ AT, heat is absorbed (upper) or emitted (lo
along the wire depending on the directior.of



1.4 The Energy Conversion Efficiencfe

The direct application of the Seebeck effect is @owgeneration. If the work
output by a thermoelectric materialviswhen the net heat it absorbs from the high and

low temperature endg; andTy, respectively, igj, the efficiency; can be expressed as

”:ﬂ:Th -T, D\/1+ZT -1 (1.6)

4 T 41+ZT-+1;

h

where
T:R;E 1.7)
2 2
z:iizif (1.8)

In Eq. 1.8,a, p andk are the material's Seebeck coefficient, electrieslstivity
and thermal conductivity, respectively, aadis the electrical conductivity, i.e., the
reciprocal ofp. Z, which is in the unit of B, is defined as the figure of merit of a
thermoelectric material. However, Ass temperature dependent, the produd ahdT,
or the dimensionless figure of merit,

2 2
ZT:aT:aaT
PK K

(1.9)

which conveniently results in a dimensionless numb& more appropriately and

frequently referred in order to characterize ariealectric material’s power generation



efficiency at a specific temperature. Except fompesgonductors whose Seebeck
coefficients are zero, thermoelectric effects exmstalmost all conducting materials.
Neverthelss, only materials T > 0.5 are considered as promising thermoelectric

materials.

The expression T in Eq. 1.9 is often written as the ratio of povastor PF to

the thermal conductivity

ZT = PF (1.10)
K
where
PF = % =a’dT (1.11)

Different from the expression in Eq. 1.11, € is often defined as’s in many
other literatures. The author would like to remihd readers that the definition BF in
Eq. 1.11 applies throughout this dissertation wmletherwise indicated. As its name
implies, thermoelectricity aims at the relationviee¢n thermal and electrical energies.
The PF is more a parameter reflecting a material’s elegiitransport properties while
more describes the material’'s thermal transponpgnites. As per Eq. 1.10, improvidd

is to optimize the ratio d?PF to «.

For thermoelectric refrigeration, the coefficiefperformance is approximately

N1+ZT —:Il__h

= C D C
T,-T, V1+ZT +1

@ (1.12)



Based on Eqg. 1.6, one may conclude that the bidpge£T, the higher the with
an upper limity < 1. However, a thermoelectric generator works &kieeat engine that
converts thermal energy into electric power, thius tipper limit for the generator’s

efficiency, according to the laws of thermodynamgi®uld be the Carnot efficiency

c (1.13)

As per Eq. 1.9, a highdT thermoelectric material should simultaneously pess
high Seebeck coefficient, low electrical resistivitand thermal conductivity.
Unfortunately, the inter-relationships among thdkeee parameters often make the
improvement in one parameter lead to the detertrain the other two. How to
preferably tune up the thermoelectric propertiea balanced way is the focus of today’s

thermoelectric research, and also the topic ofdissertation.

1.5 The Early Years of Thermoelectrics

Although the Seebeck effect was once employedrf@llsDC power generation,
it was replaced due to the low efficiency after dekmy discovered electromagnetic
induction. In 1909 ~ 1911 Altenkirch developed thistfcorrect (macroscopic) theory of
thermoelectric energy conversion that included thllee parameters: the Seebeck
coefficient, electrical resistivity and thermal cortivity.*>*3His theory showed a good
thermoelectric material should have a large Seelmficient and low electrical
resistivity and thermal conductivity at the sanmadi According to such criteria, metals

only meet the requirement for low electrical rasist but fail in the other two due to



very small Seebeck coefficients and high thermaldaativities. It is hence deemed that
metals’ efficiency for thermoelectric power gengmator refrigeration is too low for any

worthwhile practical application.

Because of people’s lack of knowledge on semicoisicat that time, the
perspectives for thermoelectric research were dithe first century after the discovery
of thermoelectric effects. As a matter of fact, th@rmoelectric material worthy of
practical applications for energy conversion orrigeration had been found, and
thermoelectricity had been retained mainly in iisect application, i.e., fabricating
metallic thermocouples for temperature measurem8&hown in Figure 1.1, two
dissimilar metals are joined together, and the ®matpre difference between two
junctions is obtained by measuring the magnitudethaf voltage established. The
dependence of such voltage against temperaturendepen the combination of the
metals in use and can typically range from oneetw tofuV’s per K. After calibration,
metallic thermocouples present satisfactory measemé accuracy over a wide
temperature region. Since the thermocouple onlydsethe voltage and thus the
temperature difference between two junctions, imyn@ases one junction is placed at a

known temperature so that the temperature at ter panction can be deduced.

1.6 Thermoelectrics in the Early and Middle 20th Centur

The 20th century witnessed the boom of solid sfdtgsics and, especially

semiconductor physics, which eventually promotee tesearch and development of

10



thermoelectric materials. Having conducted an eoosramount of research on crystals
throughout the 1920s, loffe, who established Playsiechnical Institute (PTI) of the
USSR, began to focus on semiconductors for potnt@omising thermoelectric
materials in the 1930%.As the first semiconductor thermoelectric mateoiahis and his
group’s interests, PbS was employed to make tls¢ diseful thermoelectric generator
that could power a radio station in the World Wafter the war and in the 1950s, PTI
successfully synthesized a series of thermoeleotaterials such as PbTe, ZnSb and,
most noteworthily, the ternary alloy (Bi, SBb¥s, which was first introduced in 1953 and
later historically reached maximudl ~ 1 after optimizations in compositions and
synthesis techniqués Possessing AT peak around 300 K, (Bi, Sf)e; alloy has been
employed primarily for thermoelectric refrigeratismce the 1950%.1t is also the most

successful thermoelectric material that has beamuoercialized.

Besides all the new effective thermoelectric materfound in PTI, loffe made
remarkable contributions to both macroscopic anct@scopic thermoelectric theori¥s.
loffe was the first one to us@ as defined in Eq. 1.8 to characterize thermoaetectr
materials. Considering the® term in the expression fof, the optimization of the
Seebeck coefficient is of great importance. Hebeettely selected elements of high
atomic number for new thermoelectric material sgsts. He also proposed that the
charge carrier concentration at room temperatureafggood thermoelectric material
should be between (0.5~18)Y10cm®, which means the best thermoelectric should be a
degenerate semiconductor or a semimetal. Not omdly Idffe’'s and his group’s

discoveries of new materials make thermoelectrap l&dom laboratories into practical
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applications, but also his theories have constitube basis of thermoelectricity in the

following half century.
1.1 Basic Principles for Developing Thermoelectric Matks

Now it is postulated that an ideal thermoelectrigtenial should have a Seebeck
coefficient of 100 ~ 300V/K as well as appropriate carrier concentrationmestioned
above ( ~ 18 cm®) that enables it to possess a thermoelectricallprishle electrical
resistivity between 16~ 10% Q-cm. Figure 1.4 shows a schematic relationship detw
ZT and the carrier concentratibrincreasing carrier concentration would increase
electrical conductivityy but adversely decrease the Seebeck coefficieBecause these
two quantities compete against each other, therilacpower factor?s does not vary
monotonically withn but, as the upper panel of Figure 1.4 shows, esatihe maximum

whenn is 1x10*° cm®, which is typical of semiconductors.

The lower panel of Figure 1.4 shows the thermaldoetivity x also increases
with n and the reasons are elaborated as follows. Then#heonductivityx consists of

contributions from two parts,
K=K, +K, (1.14)

where k. is the electronic thermal conductivity ard is lattice thermal conductivity,
respectively.

Note

o =enu (1.15)
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wheree is the electron charge, the carrier concentration andthe carrier mobility.
Althoughx may be independent ofin Figure 1.4, the increase frwould in most cases
result in an increase i according to Eq. 1.15 and therefore leads to noesase ince

according to the Wiedemann-Franz relationship
K, =LoT (1.16)

whereL, the Lorenz number, is usually taken as 4% WQ/K? for free electrons and

T is the temperature.

In summary, a material’'s thermal conductivity ireses with carrier
concentration while its electrical power factor nmagch a maximum at a certain point. A
good thermoelectric material should balance thetedal power factor and the thermal
conductivity so that the ratio of these two pararetould be maximized. According to
the carrier concentration dependent behaviorg, efandx, semiconductors have, when
compared with insulators and metals, moderate galuall three parameters such as the
Seebeck coefficient, electrical and thermal conditigts. Accordingly, in Figure 1.4 the
peak of electrical power factor falls in the regmhsemiconductors while the electronic
part of thermal conductivity is relatively low. Tiedore, overall semiconductors can

achieve much better thermoelectric performances itheulators and metals.

1.7 State-of-the-art Thermoelectric Materials

Nowadays, mosestablishedthermoelectric materials are semiconductors. There

exist two kinds of thermoelectric materials in terof the charge type of the free carriers.
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One is p-type and the other is n-type. The majotayriers of p-type thermoelectric
materials are holes while those of n-type matemaés electrons. So these two types of
thermoelectric materials have positive and negaBeebeck coefficients, respectively.
The dimensionless figure of medTl’s of some established state-of-the-art thermoetect
materials as a function of temperature are showigare 1.5 regardless of the carrier
charge type of the materidf$!® According to the temperature regions where tE8ir
peaks appear, those established thermoelectriaialatean be divided into three groups:
the low-temperature (< 500 K), mid-temperature (50800 K) and high-temperature (>
900 K) thermoelectric materials. Within more than thermoelectric materials in such a
broad temperature range in Figure 1.5, howe¥@&r= 1 is an upper limit for most of

them with only a few exceptions.

As per Eg. 1.13, the bigger the relative tempeeatdifference across the
thermoelectric material, the higher efficiency abube. Since the cold end of a
thermoelectric material is often placed at roomgerature, the temperature difference
across the low-temperature thermoelectric matersabgoout 200 K at most. Thus, low-
temperature thermoelectric materials are not so petitive in power generation
applications, especially for those whaSEs peak below room temperature such as BiSb
and CsBjTe;. Accordingly, low-temperature thermoelectric metisrare often employed
in small amount of waste heat recovery and refatji@n. With theZT peak around 400 K,
Bi,Tes is a typical low-temperature thermoelectric materin order to best tune the
carrier concentration and at the same time lowerlgftice thermal conductivity, it is

alloyed with SbTe; so that the composition of the p-type,B#; system is close
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to (ShygBio2),Te; while that of n-type one is aboutBieysSe 2)s.? Having been long
commercialized, both p- and n-type,B&; based alloys have so far been the best
thermoelectric materials in this temperature regoar since they were first synthesized

in the 195082% and they are still receiving a lot of attentiorrécent years> 2°

There are several classes of well-established emgpérature thermoelectric
materials. One family of them such as PbTe, GeTeSuiTé®* are based on group-IV
tellurides. Figure 1.5 shows most of them h&@Jevalues smaller than 1 except that
(GeTe) sAgSbTe)o1s or TAGS, has a reportedll > 1.2 The skutterudites such as
Co,Sh, and FgShy, make up another group of promising mid-temperature
thermoelectric material because of their high Selebeoefficient and electrical
conductivity. However, their intrinsic high lattitermal conductivities inhibit the£T
values, for exampleZT < 1 for CaShy (see Figure 1.5). To lower the thermal
conductivity without deteriorating the electricanductivity too much, the remedy is to
fill two voids in the skutterudite lattice with feign atoms which are loosely bound.
Those foreign atoms selected are usually rare-edethents with heavy atomic masses,
and they become rattlers in the lattice to selebtigcatter heat conducting phonons more
than electrons. Such an approach results in, &iainteZT >1 for La-, Yb-, Er- and In-
filled CosSh> and even highefT for CgFey«CoShi, which is synthesized by Ce-filling
after substitution of Co for Fe in &b, Half-Heusler alloys are a group of ternary
intermetallic compounds with a general formula MNi® which M = Zr, Hf, or Ni°
Like skutterudites, high thermal conductivities\eahalf-Heusler compounds a lot of

room for improvement although they demonstrate léertieelectrical transport properties.
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Their thermoelectric performance can be preferabhed up by appropriate annealing
and/or doping® " *! Figure 1.5 demonstrates their perspectives as ipiogn mid-

temperature thermoelectric materials fog #fo sNio gPth 2Srb.0sShy 01+

High-temperature thermoelectric materials can fthdir applications in deep
space probes and forming the hot end segment @gmented thermoelectric converter
that incorporates mid- and low-temperature material order to fully utilize the
temperature gradient between the hot and cold éndise high temperature regime up to
1200 K, SiGe has been the most commonly used thedectoic material for over 20
years.”® SiGe has diamond structure lattice, which enaliteso withstand high
temperature. Nevertheless, the consequent higicelathiermal conductivity adversely
results in relatively lowZT < 1 as shown in Figure 1.5. Although in recentryehe
operative temperatures of a few n-type materiale lgone beyond 1000 K, those of p-
type materials remained below 1000 K. Such an iarzd limits the efficiency of
thermoelectric devices and persisted until the gmgr of Zintl phase compound
Yb1sMnShy;, whoseZT is ~1.0 at 1200 K*a value almost twice that of p-type SiGe.
Unlike SiGe, Zintl phase compounds have very complgstal and band structufs

leading to low lattice thermal conductivity and\ieay room for future improvement.

1.8 The Trends in Thermoelectric Research

The correlations among the Seebeck coefficientlectrical resistivityp and

thermal conductivities make it difficult for one to refine only one ordvef them in Eq.
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1.9 without deteriorating the others. Such corietet are presented in Figure 1.4 and Eq.
1.14 ~ 1,16, that is, increasiagthe numerator in Eqg. 1.9, often leads to a deer@au,
which is another numerator, and leads to an iner@as, the denominator. Compared
with p andx, however,qa is relatively not as sensitive as the other twerrtioelectric
properties. Therefore, with emphasis on the redoabf the lattice thermal conductivity,
G. A. Slack proposed the concept “phonon-glasstrelecrystals” or PGEC, which
means an ideal thermoelectric material should contieat as poorly as a glass but

conduct electricity as good as a cryétal.

There are three general strategies to implemesitctimcept® The first one is to
take advantage of the disorder in the unit ceBdatter phonons that conduct heat. Such
kinds of disorder can be produced by creatingingtttructures or point defects such as
interstitials, vacancies or by alloyifigThe filling of rare-earth atoms into the lattice
voids in skutterudites is a successful exampléhef‘tattling” concept on cage structure
materials. A typical example of alloying is the dphistory of BpTes's alloying with
other binary tellurides in order to reducing ladtichermal conductivity without

sacrificing electrical conductivit§/>°

The second strategy is to construct complex crystiaictures to separate the
electron-crystal from the phonon-glass. Some comp#ructures may contain
substructures that present a different preferemicthé transport of electrons and phonons.
Zintl phase compounds are small-bandgap semicooductvith complex crystal
structures that contained both ionically and cawyebonded atoms. Electrons are

donated by ionic cations to covalently bound ardapecies so that the charge-carrier
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species would have higher mobility within the c&rdlbonding than the ionic bonding,
leading to higher electrical conductivity in thevatent substructure and lower thermal
conductivity in the ionic cation substructure. Tibeic cation substructure can be further
altered without disrupting the covalent substruette fulfill the concept of the PGEC

approach by means of doping and site disortfers.

The third strategy is to scatter phonons at inteda leading to the use of
multiphase composites mixed on the nanometer saléhe particle size approaches the
nanometer scale, the dimensionality decreases ¢mmentional three-dimensional (3D)
crystalline to two-dimensional (2D) quantum wellaiwe-dimensional (1D) quantum wire
and finally to zero-dimensional (0D) quantum doig] ahe schematic change in electronic
density of state (DOS) is shown in Figure ¥.6igure 1.7 shows the bandgap of a Bi
nanowire changes from that of a semimetal to a g@mductor as the nanowire dimeter
dw decreased: Not only would nanoscale constituents introducangum-confinement
effects to enhance the Seebeck coefficient, they ehn introduce numerous interfaces
that reduce thermal conductivity more than eleatriconductivity because of the
different scattering lengths of phonons and elestroFigure 1.8 is a quantum-dot
superlattice (QDSL) of composition PbTe/ Ph&Eey o2, on top of PbTe buffer layer
deposited on BafFsubstrate. An ordered array of PbSe quantum-dattstes exists
between PbTe layers because of the lattice misnietvhbeen PbTe and PbSe. A high

~1.6 at 300 K was achieved in this QD3L.
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1.9 Thermoelectric Modules and Applications

The thermoelectric energy conversion concept isizetl in thermoelectric
elements and modules. One p-type and one n-typediedectric material make two legs
of a thermoelectric element for power generationefigeration shown in Figure 1.9 (a)
and (b), respectively. The upper ends of such &gs lare connected by metals so that
they are electrically connected in series but tlaiymconnected in parallel. For
thermoelectric generation, the currérfiows out from the p-leg, through the load and
into the n-leg while heat is absorbed from the Iseatrce on the top of the thermoelectric
element and rejected heat sink at the bottom. Rernmtoelectric refrigeration, heat
absorption occurs on the top and heat rejectiomrscat the bottom when the currént

flows in the direction shown iRigure 1.9 (b).

Note that the Seebeck coefficients of today’s biestmoelectric materials are on
the order of several hundreds|9f’s per Kelvin, thus a real thermoelectric modubsh
to have a large number of thermoelectric elementsrder to satisfy the requirement for
a sufficient output voltage. Figure 1.9 (c) is atample of such a module for power
generatiort? Tens of thermoelectric elements are electricallynected in series by the
metal interconnects on top and bottom so that thpud voltages of all the thermoelectric
elements are summed up. They are then sandwiche@dre two electrically insulating
substrates that have good thermal conductivity. tA# elements are thus thermally
connected in parallel. Such thermoelectric modwas be connected in series or in

parallel to further increase the output voltagecorrent. Because of the very limited
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cooling ability of a single thermoelectric elemeatsimilar configuration is adopted for

thermoelectric modules in refrigeration applicaion

Compared with other alternative energy conversemmnologies such as nuclear
power, hydroelectricity and fuel cells, thermoelestis advantageous for being compact,
responsive and all solid-state without any moviagt @nd hazardous working fluids. A
bio-thermoelectric pacemaker driven by the tempeeatifference between the human
body and its surroundings can be safely implantéd the human body and work for
thirty maintenance-free years. However, the lowcefhcy of thermoelectrics has long
constrained its applications mainly in niche apgtliiens where efficiency is less
important than the energy availability and deviedability. For example, SiGe was
employed in the NASA'’s radioisotope thermoelectianerators (RTGs) for deep-space

missions beyond Mars, where the sunlight is unafsel

The rising fossil oil price in the past decade lkasnomically justified more
applications of themoelectrics in daily life. Foxaenple, the conversion of an
automobile’s waste heat, which accounts for abdBt dt the power generated from
combustion, from the exhaust or engine into eleariergy using thermoelectric device
has become worthwhile even at a relatively low evsion efficiency’ Being the most
sustainable and worldwide available energy sowsckr energy also faces the problem
of lowering the cost per unit power generated wbempeting with the fossil oil. The
advantage of thermoelectric devices’ easy tanderth wither energy conversion
approaches has helped developed solar thermoelectergy conversion, in which the

photovoltaic cells convert the energy of photonthimultraviolet range (200 ~ 800 nm in
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wavelength) of the solar spectrum while the thedewac devices cover the infrared
range (800 ~ 3000 nm in wavelengti)Such solar-thermoelectric hybrid technology
improves the conversion efficiency of solar enenmgp electricity and thus lowers the

cost per unit power generated.

As to the application of another thermoelectriceeff the Peltier effect, the
emerging market exists in the demand for solidestafrigeration such as the cooling of
CPU chips, infrared detectors and laser dicdd@e requirements for Small-scale and
localized spot cooling are of first priority in $u&ind of application, and they are just

what thermoelectric refrigeration features.
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2. HYDROTHERMAL TREATMENT WITH SINGLE ALKALI
METAL SALTS

2.1 Motivations

As in the concept of “Phonon-Glass Electron-Crystd?GEC) succinctly
summarized by G. A. Slaékan ideal thermoelectric material should be endowed
simultaneously with high Seebeck coefficiemt low electrical resistivityo and high
thermal conductivitys so thatZT defined in Eq. 1.9 can be maximized. Unfortunately
the correlations among these three thermoelecnopgrties determine that even the
optimization of one of them often leads to deteiimns of the others, so that it is almost

impossible for such an ideal PGEC thermoelectritenl to exist in nature.

As mentioned in the previous chapter, in recentsdgere have been a variety of
approaches or efforts to improve the performancéhefmoelectric materiafs:>® One
school of thought is that bulk materials should taon nanoscale constituents, or so-
called “bulk-nano composit&.>® In such composites the size effect and quantum
confinement effect play an important role. For egben the nanocrystalline p-type
BiSbTe bulk sample made by hot pressing nano-pavtieat were ball-milled from
crystalline ingots was recently reported to have T of ~ 1.4%° for which the
improvement, compared with th&l ~ 1 in the commercial ingot, resulted from the
simultaneous reductions in both electrical resistiand thermal conductivity. Another

important school of thought is to decouple the otiee inter-related quantities, o and

k. For instance, in complex crystal systems compos$daiilding modules with different

26



compositions, structural symmetries and thermoetedtinctions, the electrical and
thermal transports can be, to some extent, decdugid tuned individually. The novel
misfit-layered cobalt oxides and Zintl-phase commsu provide examples of such

contro| 456163

Thus comes up the question whether the idea ofolg@mg” can be somehow
applied in the existing state-of-the-art thermoleanaterials such as Bie;, CoSh and
PbTe, etc. These polycrystalline samples are ctaraed by numerous grain boundaries.
Although the grain boundary scattering of both keatying phonons and electrons has
proven effective in lowering the thermal condudiiyiit also adversely decreases the
electrical conductivity. Without considering a pibés change in Seebeck coefficient,
then whether or not the finZll can be improved depends on the ratio of the gainto
the loss ino. Therefore, it would be very crucial that therasexa thermoelectrically
favorable grain boundary that scatters phonons reibeetively than electrons so that
can eventually profit from more significant decessn x than ine. So if such a
thermoelectrically favorable grain boundary doesstexa novel approach called “grain
boundary engineering” can be developed in orderintprove the performance of
polycrystalline thermoelectric materials by fabtiog and controlling such grain

boundaries.

Before proceeding, some attributes of this therewigtally favorable grain
boundary can be speculated. The grains and the draundaries make the whole
polycrystalline sample a composite. Within the feamork of the effective medium

approximation modé&f, which is commonly used as a theoretical tool nalgze the
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transport property of a composite, th€ of a composite system can not exceed that of
the best performing constituent of the compositehére is no contribution from the
interface/grain bounda®y ®. Accordingly, it can be concluded that the thetynal
favorable grain boundary phase itself would be téebéhermoelectric material than the
grainsif ZT of the polycrystalline sample is increased dugnéoexistence of such a phase,
and should be separated out for investigation. Hewef the sample is a hanocomposite
material that contains nanoscale constituentanasther word, nanoscale heterogeneity,
the role of the interface becomes increasingly g with the diminishing
characteristic length scale of one or more corestitsl and the interface effect can be a
dominant factor given a typical value of'iparticles and interfaces per tritherefore,
the contribution from the interface/grain boundhag to be taken into consideration, and
the macroscopic composite approach should be ctestrirom the theoretical point of
view. In a nanocomposite material, a PGEC systénany, is achieved through the
interface/boundary effect due to the introductidmanoscale heterogeneity. Therefore,

one can speculate that if this thermoelectricadlyofable grain boundary does exist, it

should be in nanoscale, making the polycrystaliinkk sample a nanocomposite material.

This chapter will present a proof-of-principle sguof such a thermoelectrically
favorable grain boundary in the polycrystallineype BipTe; systemvia an alkali metal
salt hydrothermal nano-coating treatment approdealrther applications of “grain-
boundary engineering” to improvéT and other thermoelectric properties will be

discussed in following chapters.
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2.2 Synthesis and Characterization

Figure 2.1 illustrates the procedure of samplersgis prodedure. A commercial
p-type Bb.sSh sTes ingot with a nominal composition 8iSh sTe; manufactured by
Marlow Industries, Inc. was ground into powder aifted into three categories in terms
of particle size< 20 um, 20 ~ 32 um and 32 ~ 45 pm. About 2 granowfders were
loaded into a 45 ml capacity autoclave, mixed V@& ml of alkali metal salt aqueous
solution made by dissolving a mixture of 7.5 mMaIH and 2.5 mmoKBH,4, whereX =
Na, K or Rb. The autoclave was sealed and heat&80afC for 48 hours. The resultant
products were washed thoroughly and dried undernerhibonditions, followed by hot-
pressing in a half inch die at 300 °C and 200 M#talfhour to form a pellet. In order to
be concise and to distinguish the different makémgatments, the samples treated by Na-
salt-, K-salt- and Rb-salt-solutions are hereaftamed as the Na-, K- and Rb-treated
samples, respectively. A pellet directly hot presBem untreated powders was named

the Bulk Reference sample for comparison with tkaliesalt treated samples.

Since both electrical and thermal conductivities also dependent on porosity in
polycrystalline samples, the densities of the &sggd samples were measured by the
Archimedes method and further confirmed by the ggsnometry. All the densified
pellets bear a very close packing density of 6@.1 g/cni. The uniformity in density
assures these samples were comparable with eaeh éih pellets were cut along the

diameter direction into approximately 2x 8 mnt bars for measurementsafp andk.
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Teflon-lined ~ XBHa (X= Na, K or Rb)
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Wash with water and
dry

@ Hotpress at 300 °C and
Q @ 200 MPa for 1 hour

Pellet:

Figure 2.1 The diagram of p-type polycrystalline (BSb; ¢Te; sample preparatis
procedures.
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a andp from 10 K up to room temperature were measurel svitustom designed
apparatu$® An Ulvac ZEM-2 high temperature system was usedn&asurex and p
from 300 K to 450 K in a helium atmosphé&fe: from 10 K to room temperature was
measured on a custom designed apparatus usingvantmmal four-probe steady state

technique®® The high temperaturefrom 300 K to 450 K was calculated from
k =dDC, (2.1)

whered is the sample’s densitfp, the thermal diffusivity andC,, the constant volume

specific heat.

D was measured with a Netzsch LFA 457 laser ffassing the transient method
from room temperature to 450 K, ar@, was measured on a Netzsch differential
scanning calorimetry (DSC) 404 PegdSimy assumingC, ~ C, for solids?, whereC, is
the constant pressure specific heat. Thgl'®iingot is anisotropic in thermoelectric
properties’?’*The hot-pressed polycrystalline samples exhibiteidotropy, as shown in
Figure 2.2, between the high temperature thernflsifity data measured parallel and
perpendicular to the diameter of the pellet. Susisaropy resulted from the texture
formed when p- Bi.Sh, ¢Te; powders were hot-pressed into peffet’ Sincea andp of
high temperaturex(300 K) were all measured along the diameter ofpibiéet and the
measurement of high temperatu2, however, was performed in the direction
perpendicular to the pellet, the pallet must, aswshin Figure 2.3be cut into bars,
turned 90°, then realigned to form a new pellehwHB Weld that could be found in any

hardware storé® Based on th® measured after such realignment, the high temperat

31



2.0

A Parallel
A
OPerpendicular
1.5 A
@ A
£ R
~ A
A A A
1.0 A O
O
O
O
a O
0-5 T T T T T
0 50 100 150 200 250 300
T (°C)

Figure 2.2 The anisotropy of thermal diffusivitl) of p-type Bb.Sh gTe; pellet due t
the texture formed during hot-press. D measuredllghto the diametedirection of th
pallet is higher than perpendicular to the diamdiezction.
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Figure 2.3 (a) The diagram of realignment of p-type, BB, ¢Te; bars cut from the pell
and (b) actual pictures of such realigned bars.
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calculated from Eg. 2.1 was in the same direct®a andp were measured, ensuridd@

was correctly deduced from Eg. 1.9.

Room temperature Hall coefficierRy measurements were performed on a
Quantum Design PPMS (Physical Properties MeasurerBgstem)° using a 5-wire
configuration with magnetic field sweeping betweeh Tesla. The Hall mobilitys and

carrier concentration were subsequently calculated from the equations:

4, _Ry (2.2)
Yo
and
1
=—_— 2.3
n R, (2.3)

respectively, wher@ is the electrical resistivitgndeis the electron charge.

2.3 The Effects of Particle Size on Thermoelectric leraps

It is taken for granted that besides the treatmeetihod, the particle size would
have an influence on the sample’s thermoelectrapgnies because the smaller the
particle size, the larger the number of grain b@uies$ there could be in the hot-pressed
sample. In order to verify this hypothesis, thenhaelectric properties were measured on
three pellets that were hydrothermally treated \lidn same Na salt recipe but prepared
from powders of different particle sizes, 32 ~ 48,120 ~ 32 um ang 20 um,

respectively, and the results are shown in Fig@rés- 2.7.
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Figure 2.4 The Seebeck coefficieatas a function of temperatufiefor hydrothermall
Na-treated p-type Bi:Sh gTe; polycrystalline samplegrepared with powder of parti
sizes <2Qum, 20 ~ 32um and 32 ~ 45m, respectively.
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Figure 2.5 The electrical resistivity as a function of temperatufiefor hydrothermall
Na-treated p-type Bi,Sh gTes polycrystalline samples prepared with powder otipl

sizes <2Qum, 20 ~ 32um and 32 ~ 45m, respectively.
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Figure 2.6 The power factoPF as a function of temperatufiefor hydrothermally Na-
treated p-type Bi:Sh gTes; polycrystalline samples prepared with powder oftipks
sizes <2Qum, 20 ~ 32um and 32 ~ 45m, respectively.
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Figure 2.7 The thermal conductivity as a function of temperatufefor hydrothermall
Na-treated p-type Bi,Sh gTes polycrystalline samples prepared with powder otipl

sizes <2Qum, 20 ~ 32um and 32 ~ 45m, respectively.
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The differences between the three pellets in Fi@ueare small, but a result is
that a larger particle size results in a slighttgager Seebeck coefficient. However, the
electrical resistivity curves shown in Figure 2.&ntbnstrate an opposite tendency, in
which a smaller particle size leads to a smallsistiity. Although the scattering of
electrons on grain boundaries have negative inflegronp, the increase in the number
of grain boundaries in the sample of smaller plertsize does not deteriorate, but
improvesp. An explanation to this seemingly abnormal phenoonewill be given later
in Chapter 5. The curves &fF of three specimens are nearly on top of each ather
Figure 2.6, implying that the positive and negasgtfects of large particle size erandp
are cancelling each other. Looking back at Figwtes and 2.5, one may notice that
particle size causes bigger differenceg than ina. It is reasonable becauges largely
correlated with grain boundary scattering whiles dependent on the material’'s band

structure and composition which are not so sultgettte treatment as jis

The fact that a larger particle size causes a higlas demonstrated in Figure 2.7
shows that the grain boundary scattering is a ohet@nt factor forx. Finally, the pellet
made of the powers 20 um, i.e., the smallest particle size, has thkdstZT in Figure
2.9. This verifies that not only whether but alswhthe number of grain boundaries due
to different particle sizes affects the sample'srithoelectric performance. The results
from K-treated and Rb-treated samples also showcaedsed particle size leads to an
increasedZT although, to keep the dissertation more succithe,data are not herein

included.
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Figure 2.8 The dimensionless figure of medil as a function of temperaturk for
hydrothermally Na-treated p-type o[BSy gTes polycrystalline samples prepared v
powder of particle sizes <30m, 20 ~ 32um and 32 ~ 4%um, respectively.
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With the relationship betweefil and particle size established, samples prepared
from powders< 20 um (635 mesh) were chosen to be the main foictesearch and thus
received most extensive investigations mainly bseathey provide the most grain
boundaries and have the high£&3$t while samples of other two particle sizes wes® al

investigated.

2.4 Effects of Different Alkali Metal Saltg

Figures 2.9 ~ 2.11 preseunf p and PF from 10 K to 450 K of as-treated and
untreated samples prepared witl20 um powders but treated with Rb, K and Na salts,
respectively. Shown in Figure 2.10, the increasthen Seebeck coefficient for the Rb-
treated sample is appreciable yet small while coetpavith the other three samples,
which have almost exactly the same valuexiat each temperature whether they were
hydrothermally treated or not. This is an encourggiresult since the present
hydrothermal treatment not only preservedbut also, in some cases (Rb treated),
increasedx, which, as compared wiih andk, is the most robust parameter to tune. To
check if the increase of the Seebeck coefficierdtithe expense of an increase in the
electrical resistivity, the electrical resistivjtyas a function of temperatuffiebefore and
after hydrothermal treatment is plotted in Figur&02 which shows another inspiring
result that all the hydrothermally treated sampdehibits a slightly lower electrical
resistivity than the Bulk Reference, with the K-daRb- treated samples having the

lowestp.

41



250

000 O O 0 o
0Jqa® ® g U o
0C% s d
200 o0 gt 2 O
O ﬁ >
0o QQ
©e
SN |
,.\150' @)
< 0gt
2 Og
S 100 - ©
00 o}, | ¢ Bulk Reference
ok ONa-treated
o
50 gﬂ A K-treated
8 O Rb-treated
)
O T T T T T T T T
0 100 200 300 400 500
T (K)

Figure 2.9 The Seebeck coefficierk as a function of temperatur€ for p-type
Bio.sShy gTes polycrystalline samples hydrothermally treated with, K and Rb met
salts, respectively, anghtreated Bulk Reference, all of which are prepaved powde
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Figure 2.11 The power factoPF as a function of temperatufefor p-type Bb.4Shy sT€3
polycrystalline samples hydrothermally treated viiidy, K and Rb salts, respectively, and
untreated Bulk Reference, all of which are prepavisd powder of particle size <3@m.
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Derived from Eqg. 1.9, thé°F is undoubtedly increased for all three treated
samples as compared with the Bulk Reference inr€idull, for botha andp are
improved or at least retained after hydrothermedtinent of alkali metal salt. Since the
Rb-treatment simultaneously increaseand decreased the most, the improvement in
the PF is the greatest for the Rb-treated sample. HRs of the K- and the Na- treated
samples were improved solely due to the decregs®a@tause neither the K- nor the Na-

treatment has positive effects @n

Above mentioned results have so far led to an aptiemconclusion that all
hydrothermal treatments with different alkali mesalts would improve thdF, a
quantity characterizing a thermoelectric materialectrical properties while: is a
measure of the thermal transport properties. Tineedsionless figure of merdT is
simply the ratio of thePF to k. Thus, the final increase in ti# relies on either an
increase in théF or a decrease im, or both. However, it has been found many times
that it is a tradeoff that the increase in Bfeis often negated, or, which is even worse,

exceeded by the increase in thermal conductivity.

This concern is suppressed by the thermal condtyctrg. temperature data in
Figure 2.12, which makes the expectation come tinaé thePF is improved without
sacrificingx. On the contrary, all three treated samples hawerx values than the Bulk
Reference. Na-treatment achieves the best resudirgathe thermal conductivity to be
approximately 15% lower than the Bulk Reference3@® K, the typical operating
temperature for commercial Bies. The Na-treated sample exhibits an overall lower

than the K-treatment although the difference besmarginal above 200 K until they

45



2.2
L K ¢ Bulk Reference
* *
2.0 AAA’ . ONa-treated
oA A o A K-treated
0 o P'S ORDb-treate
o o O OL ae
: o0 o © _A¢
£ 161 O_©_a¢
= O
S O oA’ t
= & O OA’,
144 g U oA e * O
o o 6 * A
Oa 6 * o ¢ O
1o O _ 66 A A
: o o O O
O
O oo
1.0 T T T T T T T
0 100 200 300 400 500
T (K)

Figure 2.12 The thermal conductivitx as a function of temperaturg for p-ype
Bio.sShy gTes polycrystalline samples hydrothermally treatedhwita, K and Rbsalts
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almost overlap around and above 300 K. However,thieemal conductivities of the
treated samples are significantly lower than tHathe Bulk Reference by as much as
about 20% aff = 350K. The lattice thermal conductiviky calculated using Eq. 1.14 ~
1.16 as a function of temperatufeis displayed in Figure 2.13. Once again, the Bulk
Reference has the highest, and the Na-treated sample showed the lowgsthile

those of the K- and Rb-treated samples are closadb other.

With all thermoelectric properties measuré&d,curves from 10 K to 450 K for all
samples are deduced and plotted in Figure 2.14.Rilhireated sample has the highest
ZT of ~ 0.8 at 323 K followed by Na- and K- treatetes. To analyze the different ways
in which these three hydrothermal treatments witfei@nt alkali metal salts enhanced
ZT, the values of the thermal conductiviky the lattice thermal conductivity, the
power factora®/p and the dimensionless figure of mefit at 323 K of these three
treated samples are normalized with respect toetludsthe Bulk Reference and then
plotted in Figure 2.15. Therefore, it is concludédt Rb-treatment mainly affects the
power factor (both the Seebeck coefficient anddleetrical resistivity) to improv&T

while Na-treatment aims at thermal conductivity.

To help elucidate the observed changes in the radaktresistivity and the
Seebeck coefficient, Hall coefficient measuremevese performed on all the samples at
310 K. The calculated carrier concentration and Habbility data are listed in Table 2.1.
It is found that all four samples, regardless eatment or not, have very close mobility

values at the measured temperature, whereas thiercaoncentrations of all three
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Figure 2.13 The lattice thermal conductivityt as a function of temperatufefor p-type
Bio.sShy gTes polycrystalline samples hydrothermally treated with, K and Rb salt
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Figure 2.14 The dimensionless figure of medT as a function of temperatufiefor p-
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hydrothermally treated samples were appreciablizdrighan that of the Bulk Reference.
This implies that the current alkali metal hydrathal treatment introduced extra charge
carriers into the system. As shown clearly fromdhaéa in Table 2.1, the introduction of
extra carriers into the system does not deteriotfate Seebeck coefficient. Since the
Seebeck coefficient value is proportional to théeaive massm* and/or inversely
proportional to the carrier concentrationone possible explanation here is that the new
charge carriers have relatively large effective snd$erefore the inter-related electrical

resistivity and Seebeck coefficient are decoupled.

Table 2.1 The electrical transport properties at 310K of petyBo.sShieles
polycrystalline samples. They are hydrothermallgated with Na, K and Rb salts,
respectively, and untreated Bulk Reference. Allglasare synthesized with powder <20

pm.

n (x10°cm®) | i (MPIV-S) a (WVIK) p (x10°Q-cm)
Bulk Reference 2.05 0.015 219 2.03
Na-treated 2.25 0.015 217 1.86
K-treated 2.26 0.016 215 1.73
Rb-treated 2.26 0.016 228 1.73
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2.5 Conclusion

Compared with untreated Bulk Reference, the effeaftsalkali metal salt

hydrothermal treatments on the thermoelectric ptagsewere distinct as follows:

1. All hydrothermal treatments barely touchedout lowerp, x andx, .

2. Therefore, bothPF andZT were improved in all treated samples.

3. Na-treatment reducedandx, the most£ 20%).

4. The Rb-treatment lowered the most and slightly increased Therefore, it resulted
in the highesPF.

5. The improvements caused by K-treatment endPF were not as significant as Na-

and Rb-treatments, respectively.

It has also been shown that such effects causetiydyothermal treatments
became more and more pronounced as the partice cfizthe sample decreases.

Therefore, the highe&il was achieved in the sample prepared by powderpn20
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3. SURFACE LAYER ON THE GRAIN BOUNDARY AFTER THE
HYDROTHERMAL TREATMENT

3.1 Introduction

The preliminary study on the hydrothermal treatmeith different alkali metal
salts has proven that this approach is capable@upling to some extent the otherwise
interrelated three thermoelectric properties; andx, of p-type BjTe; alloys. Following
the discovery of the phenomena, in-depth investgatshould be conducted to unveil
what happened after the hydrothermal treatment,saicti investigations would be very
instructive to follow-up research not only on p¢yBiTe; system but also possibly on

other thermoelectric materials.

X-ray Diffraction (XRD) and Scanning Electron Micmpy (SEM) are two
common approaches that are used to investigate lsamp the micrometer and
nanometer range. The XRD was performed on a ScR@8@ X-ray diffractometer, and
the SEM was performed on a Hitachi H7600T electnoicroscope with options of
Transmission Electron Microscopy (TEM) and Select&gka Electron Diffraction
(SAED), and was also performed on a Hitachi HD28®@@tron microscope for Element
Mapping Energy Dispersive Spectroscopy (EDS) wite Oxford INCA Energy 200

EDS detector.

In addition to these two traditional methods, saleother analyses were
performed in efforts to ascertain the changesgeistructural or compositional, caused

by alkali metal salt hydrothermal treatment. Theref thermogravimetry analysis (TGA)
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was performed on a TA SDT-2960 Instrument, and Raraad Fourier transform

infrared (FTIR) absorption spectroscopy measureswgte also carried out.

3.2 Composition of Surface Layers

The comparison in appearance ofy b ¢Te; powder before and after
hydrothermal treatment is demonstrated in Figurds(8) ~ (d) that are taken with
FESEM (Field Emission Scanning Electron Microscopggfore the treatment, the
boundaries among the grains are clear and shasr timel electron microscope, as shown
in Figure 3.1 (a). After the treatment, it showsHigure 3.1 (b), which is in the same
scale as the former, that the surfaces of the graia not as clean as before so that the
boundaries become unclear. In Figures 3.1 (c) dhthét are in smaller scales, a fluffy

surface of the particle is present.

On a hydrothermally Na-treated poBbSh sTe; commercial ingot from Marlow
Industries, a thin surface of approximatelyr is found with SEM as shown in Figures
3.2 (a) and (b). The SEM image in Figure 3.2 (a} whtained in backscattering mode,
which renders light colors for areas where theee lght elements and dark colors for
heavy elements. Thus, the contrast in color betweersurface layer and the body of the
ingot implies the surface layer is comprised ohtiglements, which are very likely the

resultants of reaction from the hydrothermal tresattn

The EDS analysis in the selected area in the suttaer in Figure 3.3 shows in

the table that a small amount of Na exists in tivéase layer in addition to Bi, Sb and Te,
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Figure 3.1 The FESEM pictures of p
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the fluffy surface after the treatment.
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Figure 3.2 SEM pictures of commercial p-type |BEb; ¢Te; ingot after hydrotherm
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backscattering mode, shows this layer is comprideight elements.
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Electron Image 1

Element Weight% Atomic%
C 66.92 75.10
@) 27.04 22.78
Na 2.38 1.40
Cl 1.21 0.46
Sb 0.07 0.01
Te 2.17 0.23
Bi 0.11 0.01
Total 100 100

Figure 3.3 The EDS analysis of the surface layer formed onhtfarothermally treate
p-type Bb.sSh sTe; ingot. The composition data in the table showsetkistence of N

in the selected area of the surface layer.
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which are the main compositions of the raw ingot.

This type of surface is also observed on polyctiyseaBig sSh ¢Te; samples after
hydrothermal treatment. A small Na-treated partaflenterest was selected for the TEM
and mapping EDS analysis. The TEM picture of Figdiee (a) shows that an as-treated
grain is encapsulated by a translucent thin layesegeral tens of nanometers. The layer
is virtually transparent, indicating that it hagywéw electron density or mainly consists
of light elements. The EDS element mapping as shiavigures 3.4 (b) (c), (d) and (e)
portray how elements Na, Sb, Te and Bi are distethion and near the surface of the
particle. These pictures show that Na covers all plarticle and spreads into the
translucent thin surface layer while Sb, Te andwBiich are the main constituents of the
raw grain, mostly stay in the grain and are vergree in the surface layer. The table
besides Figure 3.4 (a) lists the percent weightaothic ratios of each element found by
EDS. Although the numbers in the table are for resfee only, but not for any
guantitative analysis, they do prove the existasfcg small amount of Na in the surface
layer after the hydrothermal treatment. The taldesdnot list any data about B. First,
EDS is not a good approach to detect light elembkeésB. Second, according to the
phase diagram, the creation of bonding of B witleotlements in the sample requires a
much higher temperature than it is in the procés$s/drothermal treatment and hot-press.
Therefore, B, if any, must exist in the form of Bid the sample. However, its existence
has not been proven by the FTIR spectroscopy asrsio Figure 3.11. With the same
method, similar thin and translucent surface lagerstaining Rb or K are also observed

to encapsulate the BiSh, sTe; grains after the Rb- and K-treatments, respedtivel
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(a) TEM Quasi-transparent! pioment | Weightos|  Atomic%
, surface layer

: : C 57.18 89.38
@) 1.51 1.77
Na 1.2 0.98
Cu 14.51 4.29
Sbh 6.66 1.03

! Te 14.99 2.21

— Bi 3.96 0.36

s [ Total 100 100

100nm ’ Electron Image 1

(c) EDS Element Mapping

Ma Kal_2 Na Sh Lat Sb

(d) EDS Element Mapping (e) EDS Element Mapping

Te Lat

Bilal
Te Bi
Figure 3.4 The EDS analysis of a Na-hydrothermally treateggetBi sShy gTe3 grain
(a) shows the grain is encapsulated by a gwassparent layer and the compositior
the selected area is listed in the table asideurégy(b) ~ (e) are the element map
showing the distribution of Na, Sb, Te and Bi, edjvely, in the area.
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3.3 Structure of Surface Layers

Figure 3.5 shows the comparison in the high resmiypowder XRD patterns of
p-type Bb.4Sh sTe; samples before and after hydrothermal treatmdmgrd are no extra
peaks or appreciable peak shifts in the figurether hydrothermally treated sample. It
seems that the surface layer observed under the iISHigt detectable by powder XRD.
Recalling the small percent of weight and atomtmsaof Na listed in the table in Figure
3.4, one may attribute the XRD’s being unable ttecleany crystalline phase of the
surface layer to its rather small amount, if anylatHowever, there may exist another
explanation that the powder XRD patterns before after hydrothermal treatment are
almost identical because the surface layer observepossibly a non-crystalline or
amorphous phase. Looking closely at the inset guifé 3.5, one may also notice that
there is a broad hump in the background centereabamit 27° for the hydrothermally
treated powder. In addition, the correlation lengttralculated to be 3.5 A using the
Bragg's law. This hydrothermally treated sampletsadal hump shown in the powder

XRD pattern constitutes evidence supporting thesescenario discussed above.

Figures 3.6 (a) and (b) show the LEED (low energgteon diffraction) pattern
of untreated sample and the SAED pattern of tresémaple, respectively. The untreated
particle exhibits hexagonal patterns in Figure &)pwhile in Figure 3.6 (b) the treated
grains, in addition to the hexagonal patterns, apt® of halos are apparent, which
strengthens the assumption that the surface |dyietavest is probably a non-crystalline

or amorphous phase.
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(a) Untreated

(b) Treated

Figure 3.6 (a) the LEED pattern of untreated p-type b sTes grains. (b) theSAED
pattern of treated p-type 8Sh, sTe; grains.
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(a) Untreated

Figure 3.7 The HRTEM images of p-type BiSh sTe; grains (a) before and (b) aftie
hydrothermal treatment.
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High-resolution TEM (HRTEM) has also been performed determine the
crystallinity of the surface layer. Before the hytrermal treatment, the BSh sTe;
grain in Figure 3.7 (a) clearly exhibits well-alagph crystal planes, which is typical of a
single crystalline feature. For the grain after treatment as shown in Figure 3.7 (b),
however, no distinct crystalline feature is obsdnegther in the surface layer (light-
colored area) or in the grain (dark-colored areBe grain’s demonstrating no
crysallinity is plausible if one recalls that theam is encapsulated by the surface layer in

Figure 3.4.

In order to produce specimens comprised of higleecgntage surface layers
encapsulating the BiSh gTe; grains, hydrothermally treated powders underwent
ultrasonic vibration for approximately 15 minutew/hich resulted in the peeling-off of
the surface layer from the grain in the SEM pictsitewn in Figure 3.8. When the SAED
analysis was conducted on the fragments of theaseirfayers that were peeled off, a
pattern of square symmetry, which could be charatie of a cubic single crystal, was
observed in Figure 3.9 as well as the halos. Alghothe non-crystalline or amorphous
features are present in the same picture, thecmutégyer somehow demonstrates a new
phase of cubic single crystal structure, whichampletely different from the hexagonal
lattice structure of original BTes. However, the crystallinity of such surface layaray
still be very slight if one considers the almostntical power XRD patterns shown in

Figure 3.5.

Additionally, the ease of peeling-off of the sudalayer from the grains after

ultrasonic vibration provides a speculation thatrafhe hydrothermal treatment a similar
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Figure 3.8 The easy peeling of the surface layer from hydrotiadly treated pype

Bio.4Shy gTe3 grains after ultrasonic vibration.
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Figure 3.9 The SAED image of the surface layers peeled offnfrioydrothermall
treated p-type BisSh sTe; grains after ultrasonic vibration.
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layer might be able to form on the grains of othelycrystalline thermoelectric materials

to hopefully improve their thermoelectric performsas. Such an idea was transferred to
p-type polycrystalline PbTe system not long after successful application on p-type

Bi,Tes;, and the effectiveness of hydrothermal treatmentiwohancing th&T has been

proven as well although it is achieved in anothay f

3.4 Possibility of Alkali Atoms’ Intercalation into thBi, Te; Matrix

The BpTe; lattice is a rhombohedral crystal structure thelbbgs to the space
groupD3, (R3m) with five atoms in the triagonal unit cell. A heymal unit cell that
contains three formula cells can be taken as showingure 3.10 with lattice constards

= 4.395 A and: = 30.440 A%?86

The hexagonal unit cell can be simply visualizedttes stacking of quintuple
layers of atoms along theaxis. There are fifteen layers in three groupdid-layer
stacks of Te(1)-Bi-Te(2)-Bi-Te(1), where Te (1) ahel (2) denote two types of Te
atoms in the unit cell. The bonds between Te(1pBi Bi-Te(2) are of ionic-covalent
type whereas those between Te(1)-Te(l) are of an\Waals typé€’ The distance
between Te(1)-Te(1) planes is 2.456A. In solid sohs of BpTes-ShyTes, for example,
the p-type BisShyeTes, Sb atoms substitute in Bi sites without radicalhanging the
structure of the hexagonal unit cell although sahthe five-layer stacks become Te(1)-
Sb-Te(2)-Bi-Te(1f. In either case, the weak Van der Waals bonds teetwe(1)-Te(1)

are responsible for the easy cleavage ef &ior Bi,Tes-ShyTe; solid solutions along the
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Figure 3.10 The lattice structure of Bles.
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c = 30.440A

0.9329c = 28.397A
0.8737c = 26.595A

0.7930c = 24.139A
0.7338c = 22.337A

0.6667c = 20.293A

0.5995c = 18.249A

0.5403c = 16.447A

0.4596c = 13.990A
0.4005c = 12.191A

0.3333c = 10.147A

0.2662c = 8.1031A
0.2070c = 6.3011A

0.1263c = 3.8446A
0.0671c = 2.0425A




planes perpendicular to theaxis. Also, because of the weak Van der Waals §ond
Te(1)-Te(1) gaps are inclined to accommodate foraipms> - In other words, if alkali
metal atoms are found after the hydrothermal treatmwhich has been proven by the
EDS, they are very likely to be bonded to theTB; matrix in form of intercalation into

Te(1)-Te(1) gaps.

The powder XRD pattern shown in Figure 3.5 possessdig hump in the
background centered at 27° for hydrothermally é@atample and this hump has a
correlation length of approximately 3.5 A, whichwier than the Te(1)-Te(1) gaps. The
increase in the width of Te(1)-Te(1) gaps may besatered as strong evidence for the

intercalation’®®? but some other phenomena observed contradictthigrargument.

If the Te(1)-Te(1) gaps are filled by alkali mesabms, the bonds between T(1)-
T(1) planes would be somehow affected, leading éov rvibration modes among
intercalated atoms and among Te(1l) atoms. Suchskofdvibration modes can be
detected by the infrared spectroscopy. In ordeénvestigate whether the intercalation of
alkali metal atoms into Te(1)-Te(1) gaps is thaation after the hydrothermal treatment,
FTIR absorption spectra from treated and untreséeaples are compared in Figure 3.11.
The wave number used ranges from 500 ~ 4000, amhich covers the mid-infrared
scope that corresponds to the energy levels ofdimeaital vibration modes. However,
there are no appreciable new peaks or peak shiftimgn two curves from treated and
untreated samples are compared as shown in Figlte Bccording to the spectroscopic
signatures of KD molecules, lacking peaks near 2150cexcludes the existence of

water in the sampl&
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Hydrothermally Treated p-Bi,Te,

Bulk Reference p-Bi,Te,

I|I|I|I|_||
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Wavenumber (cm'1)

Intensity (arb. units)

Figure 3.12 The Raman spectra of untreated and hydrothermadgtdd ptype
Bio.4Sh sTe; samples.

71



Raman spectroscopy is another technique that ig tsedetect vibrational,
rotational and other low-frequency phonon modesnaterials. Figure 3.12 shows the
comparison in Raman spectroscopy of treated amgatetd samples. In untreated sample,
Raman peaks near 102 ¢nand 134 cri, which correspond to % and A4, modes,
respectively, in pure BTes,** are seen as expected. It has been reported thabtition
of the peak at 134 cfis sensitive to the stoichiometric compositionBinTes-ShyTes
system, and it shifts to around 160 tin Bio.Sh; ¢Tes.” The peak that is close to 120
cm’ is attributed to the phonon frequency of 1207 ciA\;,) from Bi;Tes.®® After
hydrothermal treatment, the peaks near 120" @nd 134 cnt become sharper. The
reason is not clear yet. One possibility is that tattice is aligned better after the
hydrothermal treatment. Although the shapes andcthglitudes of the untreated sample
are not the same as the treated one, no new pesiiftong has been observed in treated
sample, which, combining with the FTIR analysisada@toes not provide proofs in favor

of proposed intercalation of alkali atoms into T)e{®(1) planes in the Bl'; matrix.

3.5 TGA analysis

Figure 3.13 shows the percent weight loss @Bl sTe; polycrystalline samples
during TGA analysis from room temperature to 600 If@ne refers to the curve of the
untreated Bulk Reference, the whole process of eigss can be divided into two
stages, below and above 420 °C, respectively. Sndee; is a typical low temperature
thermoelectric material, all three samples losegimemuch faster when temperature goes

above 420 °C because they begin to decompose,iaibpéar Sb in the samples, which
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Figure 3.13 The TGA analysis of untreated, Na- and K-treatetype Bb.,ShieTes

polycrystalline samples.
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is easy to vaporize. Below 420 °C, the Bulk Refeeeis pretty stable and the weight loss
is close to zero (0.006%). On the contrary, both &al K-treated samples undergo a loss
of about 0.5%, which is two orders of magnitudeéarthan that of the Bulk Reference

although this is only a very small fraction of tio¢al sample mass.

Therefore, the TGA data of treated samples belov°£2may be attributed to the
decomposition of the grain boundary layer obsew#ld SEM, and thus can be taken as
a proof for the existence of this layer. Moreovtre TGA data shows what a small
amount this layer accounts for in term of masssThay cause difficulties in detecting
this layer with good resolution by other techniquasme of which have been tried and

shown above.

3.6 Conclusion

A surface layer has been found to form on the g-tBp..Sh sTe; samples after
the hydrothermal treatment with the SEM. Other méghes such as XRD, EDS, HRTEM,
FTIR, Raman spectroscopy and TGA, have been emglimysubsequent investigations,
which show that this layer does not have typicalgle crystalline structure, mainly
consists of light elements, and only constitutes/ssmall amount of mass in the sample.
However, the detailed structure and compositiothsf surface layer remain unclear and

requires follow-up efforts.

74



4. HYDROTHERMAL TREATMENT WITH COMBINED ALKALI
METAL SALTS

4.1 Introduction

Most existing thermoelectric materials are in tbherf of polycrystals that contain
numerous grain boundaries. Polycrystalline materaak by nature advantageous over
single crystals in terms of a lower However, the presence of grain boundaries also
degrades the electrical conductivity. As part @& éffort to address the problem, the data
presented in Chapters 2 and 3 have demonstratethth&ydrothermal treatment using
alkali metal saltsXBH, (X= Na, K or Rb) coated a thin layer on the p-typgBb sTe3
grains, where it becomes a thermoelectrically fadagrain boundary upon hot-pressing.
Compared with the untreated samples, Zieof as-treated polycrystalline p-Bies is

improved by somewhat decouplingp andx in such a way that:

1. Na-treatment lowers the most.
2. Rb-treatment improves thiF the most by decreasipgand slightly increasing.

3. K-treatment is mediocre in term of the improvements andPF.

Such results were obtained on different samplestlansl prompted an intriguing
guestion as to whether the decoupling would takeeif two alkali metal salt solutions
were applied together on the same sample. Pantigulahether the combination of Na-
and Rb-treatments, which improvedand thePF most, respectively, would lead to a
resultantZT as if these two treatments benefit, work indepatiggrom, or against each

other. The effects of hydrothermal treatment oryguistalline p-type Bi,ShysTes; by
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combining Rb and Na salts with different molar@atare herein reported in Chapter 4 as

follows.

4.2 Sample Synthesis

The samples were prepared basically following #imaes procedures as the single
alkali metal salt treatment discussed in ChapteA Zommercial p-type Bi;Sh sTes
ingot from Marlow Industries, Inc. was crushed drahd-ground into powders. Since it
has been proven in Chapter 2 that the hydrothetreatment has consistently more
improvement t&ZT as particle size decreases, only powders of padize< 20um after

sifting were selected for subsequent processingchathcterization.

A treatment process usually took 2 grams of suatden. The power was put into
a 45 ml capacity Teflon-lined autoclave containahkali metal salt aqueous solution that
dissolveda mmol NaOH,b mmol NaBH, ¢ mmol RbOH andi mmol RbBH, while the
ratioR = a:b = c:d was kept. In order to find the optimal ratio teahancedT the most,
approximately 40 recipes were tried by varylRgThe autoclave was then sealed and
heated in a furnace at 150 °C for 24 hours follobgdurnace cooling. The powder was
then taken out of the autoclave, washed thorougiitly distilled water and ethanol, and
dried under ambient conditions. The as-treated gowehs then hot-pressed in a half
inch die at 330 °C under 90 MPa for 30 minutesdiomfa 2 mm thick pellet whose
density was 6.4 + 0.1g/cinin comparison, the density of the original ingats 6.20 +

0.05g/cmi, and the theoretical maximum density of p-typgTBi is 6.78g/cr.
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Treated samples were named after the molar ratidadfo Rb, in another words,
ab or c.d, in the starting alkali metal salt aqueous sohutiBor example, the sample
treated with the alkali metal salt solution @b = c:d = 1:2 was called the 1Na2Rb
sample. A pellet made of as-sifted ingot powderthawt any hydrothermal treatment

was hot-pressed as a Bulk Reference.

All the pellets, treated and untreated, were con@lthe radial direction into
roughly 2x8 mnt bars, on which the measurements of three therminielgroperties
were performed to finally determin€l. A bar cut from the original commercial ingot

along its growth direction was used as a seconceaason to the treated samples.

4.3 Microscopic Images

A small amount of powders taken from as-treated laotpressed sample was
first analyzed with the Transmission Electron Mgwopy (TEM) and the Energy
Dispersive Spectroscopy (EDS) on a Hitachi HD20@ateon microscope equipped with

Oxford INCA Energy 200 EDS detector.

Similar to the results from the Na-only-treated ptes, the TEM image in Figure
4.1 shows that a thin surface layer of tens of naters forms that encapsulates the
grains. Furthermore, this surface layer is foundBS to contain both Na and Rb.
Counting all other elements detected such as BariébTe at Spots A, B and C, i.e., from
the center of the grain to the surface, EDS elemeatysis indicates that the nominal

atomic percentages of Na and Rb were 20% and O8%pecdvely, at Spot A, then
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Figure 4.1 A TEM image of combined Na- and Rb-treated) Bin ¢Te; grain. The
surface layer is clearly seen. EDS shows the ndnaitzanic percentages of Na and
increase from 20% and 0%, to 50% and 0.5%, andlyfitm50% and 5% a$pots A, [
and C, respectively.
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increased to 50% and 0.5% at Spot B, and finaly% and 5% at Spot C, suggesting a
composition gradient of Na and Rb, which are obsipthe resultants from Na-and-Rb-

treatment, along the depth direction of the grain.

4.4 The Decoupling of Thermoelectric Properties

The measurements af p andx were performed as introduced in Chapter 2. The
thermoelectric properties at 300 K of some selestedples are illustrated in Figure 4.2
where the 1Na2Rb-treated one yields the higE@dstAmong all the curves shown in
Figure 4.2, thex one is the flattest as the composition variesgpkdéor the Na-only-

treated sample, implying the independence or ddoaupf a from p and«.

Such decoupling can be more clearly seen by ptp#ihvs. d/k in Figure 4.3,
where Na-and-Rb-treated samples produce a stréightregardless of the Na to Rb
molar ratio. The linearity means that the variasiamZT is solely a result of the change
in dk. In another word, the linear zone corresponds tegéion wherea, p and x are
decoupled. Na-only-treated sample’s remarkable drdpe a curve shown in Figure 4.2
is the reason for its deviation from the linearity Figure 4.3 On the contrary, the
deviation of Rb-only-treated sample from the lingaoriginates from its highesd in
Figure 4.2 although these two samples have rougdmyed x value. When Na- and Rb-
treatments are applied together with different motdios, they are complementary to

each other to form the straight line shown in Fegdir3. Additionally, by varying the Na

79



226  T=300K

224 225
a (uV/K) 227 221 223 224 H\:’
A 21

1.84 -7 72.08 T
N 1.81 -

- ~
~

AR i 1.787

-
-

p(MQIBmM) 87 66
0.87

k. (W/m-K) o Vo5 Jal
L3 168 77w 128 109
K)o < 109103 il
K (WIm-K) CJ377g O--g.gloz 7 T 0
. 0.93 _ 0.88
PF (W/m-K) 0.86, o 0.88 g
° 0.74 0.76
ZT O--__ o~ 085081 i
0.79 ~~O~" 073 052 058 ___-----
066  1Na2Rb ‘O-------"""" O 0.70
0.0 0.2 0.4 0.6 0.8 1.0

Molar Ratio of Na/(Na+Rb)
Figure 4.2 The compositional dependences of the Seebeck ciegifia, resistivity p,
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and Rb- treated polycrystalline p-Be; samples at 300K. The molar ratio of Na: Rb:
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Figure 4.3 At 300K, ZT as a function ofd/k, the ratio of the electrical to therr
conductivity for hydrothermally treated polycrydita¢ p-Bi.Te; samples.
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to Rb molar ratioZT can be improved by more than 60% from 0.52 for IRta sample

to 0.86 for 1Na2Rb sample.

Relating the linear correlation with the surfacgelaon the grain boundary
observed with the TEM, it is plausible to assuna the boundary engineering approach
optimizes the electrical to thermal conductivityigaby, rather than counting on the
complex crystal structure, introducing a thermotieally favorable boundary phase. In
following paragraphs, the effects of the bounddrsige will be investigated in detail with

the focus on 1Na2Rb sample that exhibits the highieat 300 K in Figure 4.2.

4.5 Thermoelectric Properties of Na-and-Rb-treated $asnp

Figure 4.4 shows that curves of all as-treated samples are almost ofte@ach
other while they are slightly higher than the Bilkference and even higher than the
ingot. Compared with the single alkali salt treattnéhe combination of Na and Rb salts
does not have an appreciable effectanAs for p in Figure 4.5, treated samples are
lower than the Bulk Reference but much higher ttieningot, showing the detrimental
effects of grain boundary scattering in electrmahductivity. As a result, the ingot has a
PF significantly higher than all polycrystalline sal®p as shown in Figure 4.6. Among
all polycrystalline samples, the 1Na5Rb sample ligh8y higher than 1Na2Rb at

temperatures above 300K.

Consistent with previous data in Chapter 2, Figlu@ shows no sign of any

negative impacts on tHeF for the addition of Na treatment to Rb treatmé&egping the
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Figure 4.4 The Seebeck coefficientr as a function of temperaturé for the as
hydrothermally treated polycrystalline p-type,BSh; ¢Te; samples compared with 1

Ingot and the Bulk Reference.
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PF of the 1Na5Rb sample about the same level asothBRb-only-treated one. Rb-salt
works as if Na-salt does not exist. Recalling EqOlwhereZT is the ratio ofPF to «, if
the Rb-treatment does not interfere with Na treatmaeeffect on loweringe, the effects
of Na- and Rb- treatments could be considered asupded not only at 300K, but
throughout the whole temperature region. It wouwdelvyen better if an optimal ratio of

Na to Rb that improves tH&l the most could be found.

Unlike the PF that more characterizes a thermoelectric materialectrical
property.x is a quantity that more describes the thermakpart property. The numerous
grain boundaries, due to the scattering of both nphe and electrons, make
polycrystalline samples demonstrate overwhelmingathges over the ingot in termzof
as shown in Figure 4.7. For polycrystalline samplasthe temperature region above
200K, 1Na2Rb has the lowest and the tendency is that a higher Na ratio ldads
lower k. Compared with the minima af in the Na-only-treated sample in Figure 2.12,

combined Rb-and-Na-treatment further reducés 1Na3Rb and 1Na2Rb samples.

Figure 4.8 showsxpice Calculated using Eg. 1.14 ~ 1.16. It is clear for
polycrystalline samples thatice also has the tendency for temperatures over 38aK t
the higher Na ratio, the lower the value. Althoutje ingot has much highet, its
difference inkaiice from the Bulk Reference is not as huge, indicathreg a large part of
k is contributed by its high carrier concentratiom/@r mobility, which on the other hand
results in its much lowep. The comparison with previous Na-only treatmerntada
Chapter 2 once again demonstrates that not only thee Rb-treatment not weaken but

rather enhances Na-treatment’s ability to reduaadxiatice
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As a result shown in Figure 4.9, tA@ of the 1Na2Rb sample, which does not
have the highesPF but the lowestkx and kianice,s peaks at 0.92 at 350K, which is
comparable to the original commercial p-typg i gTe; ingot. Taken into account the
ingot’s overwhelming superiority ifPF over the 1Na2Rb sample, the latter's final
breakeven irZT is attributed to the composite Na- and Rb- treatsieeffects on notable
reduction ink. Actually, 1Na2Rb is also the optimal ratio fouafter more than 40

different recipes were tried.

The data have strengthened the conclusion drav@hapter 2 that alkali metal
salt hydrothermal treatment can decouplfeandx for polycrystalline p-BiTes. A close
observation under the electron microscope revedledxistence of a transparent Na or
Rb rich surface layer surrounding,Be; particles. Therefore, it becomes of interest
exactly what the surface layer does to decoupleven enhance the effects of different
alkali salts, say Na and Rb, when they are apgietllitaneously. Some preliminary

investigations have been done in the attempt tbdut the underlying mechanisms.

4.6 The Change im andy after Hydrothermal Treatment

Figure 4.10 and 4.11 show the behavior of the earmobility ¢ and
concentrationn, respectively, acquired from Hall measurementsfopered on the
Quantum Design PPMS. The carrier mobilyof the ingot, which possesses superb
electrical properties, is a lot higher than all thelycrystalline samples, treated and

untreated, and remains the highest although itedses rapidly as temperature increases.
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Figure 4.9 The dimensionless figure of meHdT as a function of temperatuiiefor the
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Figure 4.11 The carrier concentration as a function of temperature for the as-
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The i curves of polycrystalline samples are almost gndbeach other, especially when
approaching room temperature. However, hydrothdyntedated 1NalRb and 1Na2Rb
both have much higher carrier concentration than Bhlk Reference, and the margin
between treated and untreated samples is quitetazinever the whole temperature
region in Figure 4.11. Above 150 K, those two teeasamples even contain larger carrier

concentration than the ingot.

The gain for using polycrystalline thermoelectriatarials arises from the fact
that the grain boundary layer scatters phonons ri@e electrons. After hydrothermal
treatment, althougjy remains the same as untreated sample, the indrease adequate
to compensate the loss of mobility at the grainralauy. Although the composition of
the grain boundary layer still remains unclear, thall effect measurements have
possibly uncovered how this thermoelectrically faate surface layer, if treated with

proper Na to Rb ratio, compete with the commeiicigbt.

4.7 Conclusion

In light of the concept of boundary engineering lizea through similar
hydrothermal treatment techniques as in Chaptéuwith the combination of Na and
Rb salt solutions, the boundary phase has beemrssfady observed on the surface of p-
type BpTe; grains, and this surface layer decouples the wikerinter-relatedr, p, and
k on the same sample, a goal that has been longrstior. The correlation betweell

and o/k corroborates that the existence of the grain bagnghase is decoupling the
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electrical and thermal transport while retaininge tfseebeck coefficient. Unlike
approaches in complex crystals, the decouplingciseaed in a way that is potentially

applicable to other existing thermoelectric matsria

An optimal molar ratio of Na:Rb = 1:2 has been fdtm make the polycrystalline
sample attain the sam&T as the commercial ingot. Therefore, the hydrotlarm
treatment enlightens the possible recycling of ldrge number of p-type BiShy ¢Tes
ingot fragments wasted during the mechanical piegsf the brittle ingot, which could
develop into a more economical and environmentiiig way for manufacturing

thermoelectric devices.
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5. THE IMPROVEMENT IN COMPATIBILITY FACTOR

5.1 Introduction®

A thermoelectric element working between high terapge T, and low
temperatureT, can be postulated to consist of many thin slicésthermoelectric
segments as shown in Figure 1. The temperatur@acit segment is different, and a
temperature difference\T;, is established across tit thermoelectric segment. As all
three thermoelectric properties are temperaturermdgnt, it has its individual;, pi, «;
and, accordinglyZT;. The ratio of its efficiency;; to the Carnot efficiency; is called
the reduced efficiencyy,i, which is also variable from slice to slice as pemature

decreases from;, at one end td; at the other end.

When the total number of thermoelectric slices apphes infinity, AT,

approaches zero. The reduced efficiepoyf each slice is

a a
u—>@A-u—

Z( Z)
a 1
u—+—
Z ZT

n. = (5.1)

whereu, the relative current density, is the ratio of #Hectric current density to the

heat flux by thermal conduction defined by

J
Uu=—— 5.2
KT (5:2)

The total efficiency; of the whole thermoelectric element is
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1 =1-expe J‘:h@dT) (5.3)

[

As per Eq. 5.3y is a function ofy,, which is eventually another function of
Therefore, the real energy conversion efficiencyadhermoelectric device is not only

determined by th&T value of the material, but also dependsion

Unlike ZT which is exclusively attributed to the materiabthmakes up the
thermoelectric elementy, according the definition by Eqg. 5.2, may vary d&eseJ and
kVT are subject to changes in the load connectedetthéérmoelectric element and in the
temperatures at the two ends of the element, régphc Thus,u is a variable that
depends on two factors, the material and the operatonditions. In the process of
designing a thermoelectric device, the first facgsoknown beforehand while the second
one, however, often contains uncertainty if thera changeable load and/or temperature

across the device.

Theu value that maximizes, in Eq. 5.1 is defined as the compatibility facgr

The expression ddas a function of is given by

S :—VlfTT‘l (5.4)

The largest reduced efficiengywould approximately be

_vi+zr -1 (5.5)

T V1+2ZT +1
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SinceS is temperature dependent according to Eq. 5.4 gdmitely thin slice
whose temperature differs from one another as shawfigure 1 demands a uniq&e
value onceT,, and T are fixed at both ends. In order to reach the marn of the
efficiencyn in Eg. 5.3,u should strictly keep track & at every thin slice. In some cases,
this can be to some degree achieved by gradualingihg the cross section area of a
thermoelectric leg along the temperature gradiemrder to adjust the ratio dfto kVT,
which inevitably complicates the design and manuféitg of thermoelectric devices.
However, in many casas= S the condition for the optimum solution to Eq. ,58too
difficult to meet, especially when the load coneecto a thermoelectric device is
variable or the temperatures across the thermogledevice are changeable.
Alternatively, a near-optimum solution is to seafeha thermoelectric material with &
that shows a weak temperature dependence so thdethation ofr, from its theoretical
maximum would not be too significant when the cdindi thatu equalsS cannot be

satisfied all the time.

Previous chapters have shown that the hydrothetmeatment with alkali metal
salts is able to improve th&l of polycrystalline p-type Bi:Sh ¢Tes and the optimal Na
to Rb molar ratio of 1:2 yields as higtlif as the commercial ingot, which is a very
encouraging result. However, a high, as analyzed above, does not necessarily result in
an overall high efficiency in a real thermoelectdievice. Therefore, it is important to
continue to investigate the effects of the hydrotie treatment on the compatibility

factorS and the data are presented in detail below.
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5.2 The Temperature Dependence of the Compatibilitydfac

The compatibility factoiS of some selected samples as a function of temperat
is shown in Figure 5.1. Over the temperature refiom 50K to 350K, the significantly
higher hump of the p-type BiSh glTes ingot distinctively makes it out of the
polycrystalline samples, among which the untre&@elt Reference has the flattest hump
that almost looks like a plateau. In other worde thgot demonstrates the strongest
temperature dependence®ivhile the untreated Bulk Reference shows the wstaded
hydrothermally treated samples are somewhere wdeet. Therefore, in addition &,
the hydrothermal treatment with alkali metal sdiss improved the polycrystalline

samples’ temperature dependence of the compatifalitorS.

Based on the analysis in previous paragraphs, lareiduced efficiency, relies
on both highZT and appropriate which, ideally, should equ& The data presented in
Chapter 4 have shown that 1Na2Rb hydrothermallgtéc sample attains the sa@ie
value as the commercial ingot. So the comparisawed®n these two specimens in term

of efficiency in practical applications would beriguing.

5.3 The Improvement in Overall Performance

Figures 5.2 and 5.3 are the reduced efficiepcgf the ingot and the 1Na2Rb
sample, respectively, as a functionuw&ndT calculated using Eq. 5.1. The crest line of
the n, dome represents where the theoretical maximum at every temperature point,

and the projection of the crest line onto a plane is equivalent to tifecurve shown
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Figure 5.1 The compatibility factorS as a function of temperaturé for the as

hydrothermally treated polycrystalline p-typeoBSh ¢Te; samples compared with 1
ingot and the Bulk Reference.
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Figure 5.2 The reduced efficiency, of the p-type Bj,Sh gTes ingot as a function
temperaturd and the relative current density
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Figure 5.3 The reduced efficiency of the 1Na2Rb-hydrothermally treatedtype
Bio.sShy gTes polycrystalline sample as a function of tempemtlirand the relativ
current density.
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in Figure 5.1. Therefore, Figures 5.2 and 5.3 gteva more straightforward perspective
with which to understand the relationship amapgu and S. In the ideal case, if the
projection of the crest line of thg dome could yield a straigi&tline on theT-u plane, it
would be the easiest for a thermoelectric devicketep track ofS making it work at its

best.

Figure 5.4 is a direct comparisons;inbetween 1Na2Rb sample and the ingot by
placing theirs, domes together. Note that the maximunms solely determined b¥T as
stated in EqQ. 5.5, these two domes are same imtleerause the 1Na2Rb and the ingot
samples have the sanZd value as shown in Figure 4.9. However, fhedomes are
different in shape, leading to the difference invimomplex it is foru in theT-u plane to
match S in order to keep on top of the crest line. Judged from the maximiam
minimum ratio of theu curves in Figure 5.1, the amplitude in whielvaries is less for
the 1Na2Rb sample than for the ingot. Thereforey deviates fromS or, in another
words, if a thermoelectric device works under a-nptimal condition, the device made
of 1Na2Rb sample may have better performance thamtade of the ingot despite their

same maximunZT values as shown in Figure 4.9.

SupposeSuiqdie IS the S value at the midpoint temperature of a thermosatect
segment working betweem, and T.. Figure 5.5 shows the comparison in the total
efficiency n between the thermoelectric segments made of tre2RN treated sample
and the ingot as a function of the deviatiorudfom Spiggle When the deviation is within
+50%, the 1Na2Rb sample often has a higher totmieficy than the ingot fof, and Ty,

values of 50K and 450K, respectively. And it alwags a higher total efficiency than the
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Figure 5.4 The comparison of the reduced efficiengypetween the p-type BiSh; ¢Te;

ingot and 1Na2Rb

hydrothermally treated sample.
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Figure 5.5 The percent difference between the total efficyent the 1Na2Rlreatel
sample ;1nazre @nd that of the ingokinge, When the relative current densitydeviate
from Shiqae the compatibility factor value at the midpointmigerature for
thermoelectric element sandwiched between coldhab@nds T andTy, respectively.
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ingot for T, and Ty, values of 300K and 450K, respectively, which aqg@dal operating

temperatures for Bl es used in waste heat recovery.

When a thermoelectric device is designed, it isenaften for one to know the
working temperatures at both ends of the device tha load resistance connected to the
device. When a load is connected in a circuit asvshin Figure 1.9 (a), the current
equals the ratio of the thermoelectric electricinetforce to the sum of the load
resistance and the internal resistance of the thelentric device. The resistivity curves
in Figure 4.5 have shown that the ingot has mucWeto resistivity than any
polycrystalline samples, treated or untreated. dfoee, the ingot, generally speaking,
has smaller internal resistance than the 1Na2RIplearwhich makes the ingot behave
more like a voltage source while the other more l& current source. When the load
resistance is variable in the circuit, a currentrse is able to stabilize the current so that
the current density in Eq. 5.2 is constant and consequentig constant. Although the
1Na2Rb does not work as a perfect current soutedarge internal resistance makes
change less than it would in the ingot. Thus, tRa2Rb sample is advantageous over the

ingot in applications that consist of variable Isad

5.4 Conclusion

Although the figure of meriZT weighs the most in determining the energy
conversion efficiency of a thermoelectric devides teal efficiency of the device is also

dependent on the compatibility facterNot only can hydrothermal treatment with alkali
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metal salts improve th&T of p-type Bb.Sh sTes polycrystalline samples, but it also
weakens the temperature dependenc® aff as-treated samples. As a result of the lower
temperature dependence $f the 1Na2Rb treated polycrystalline sample, whies
attained the samé&T value as the ingot, can have overall higher efficy when operated

under non-optimal conditions.
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6. SUMMARY

In order to achieve the goal of “PGEC”, one of tiallenging tasks of current
thermoelectric study is to decouple the inter-retabetweerp andk, i.e., to minimizec
at the cost of a small or even no increase Buch efforts have culminated to two prongs:
one is toward “forcibly engineered” low dimensiopstems such as superlattice and
quantum dot or well systeni$;'® whereas the other persists in bulk materials, for

example, the partially filled skutterudit&!®>%’ clathrate system®!%and zZnShs'*°.

Most existing thermoelectric materials are in foofmpolycrystals and the grain
boundaries in polycrystalline system are by naadeantageous over single crystals in
terms of lowerx. Therefore, a novel strategy of improving thernectic performance

»111,112

has been adopted in light of “grain boundary engiimeg

It has been shown in this dissertation that “gtadmindary engineering” via the
hydrothermal treatment with alkali metal salts aaprove both the figure of merdT
and compatibility facto6 of p-type Bb.4Shy ¢Te; polycrystalline samples. Compared with
other methods, the hydrothermal treatment hereimoduced has the following

advantages:

1. Very low cost. The alkali metal salts are very ghead common. Moreover, only a
small amount of such chemicals are needed for g#aatment.
2. Low energy consumption and short duration for sampteparation. For this

hydrothermal treatment technique, it requires nedfyf low temperature (100 ~ 300°C)
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and a relatively short duration (~ 48hours), whotluld save costs in term of both
money and time.

. Simple technical route without complicated or expea equipment involved.
Autoclaves and ball-milling machines are commordgdi production equipment and
methods, which also enables the possibility of dagsgale industry production and
application.

Directly makes use of industrial waste materialsiribg the growth procedure of
commercial BiTe; ingot, both ends of an ingot go to waste due tmmuasition
fluctuation. In addition, as a result of the ingobrittle nature, there would be an
additional 30% waste that comes into being durlreggubsquent processing such as
cutting, assembling and so on. Tellurium sourcesrapidly becoming scarce, and its
unit price has skyrocketed from $13/Kg in 2004 24 %/Kg in 20083 Therefore, the
reuse of otherwise wasted ingot would increasglddi thermoelectric modules’
competiveness on the market.

Fully take advantage of polycrystalline materialarge flexibility in varying
composition, which allows a greater degree of fomedn order to make functionally
gradient-element materials, i.e., a compositiordigrrat along the length of the sample.
Distinct from the previous concepts, the concemmavariation of alkali elements
occurs in the surface layer rather than in the ladkit is easier to achieve and control,
as simple as stacking the powder of a desired cdrateon and desired thickness.
After the hot-pressing process, the polycrystallivgure guarantees they are also

easy to machine. Bear in mind that, B} ingots are quite well aligned, so the

108



anisotropy in crystal structure causes them to beendifficult to shape. Again, the
shreds and waste powder can be recycled with teothermal treatment.

6. The thermoelectric performance is improved in dmmogeneous system with the
matrix isolated by a surface layer. In principlemiakes this technique easy to apply
on other systems as well, seeking for a broadelicapppn of the process. The
preliminary application of the hydrothermal treathen PbTe system has been
proven successful.

7. In the past several years, several results have temrted on obtaining significant
property improvement, whereas these reports mainkolved thermoelectric
guantum dots and super-lattice thin films, whicé difficult to be used in the routine
industrial applications. Considering the feasipiliof large-scale production,
researchers and industry still need to rely onlihik thermoelectric materials. The
present study is a bulk material investigation, andtill far from complete, even in

conventional materials such asBas.

A great effort has been spent to ascertain theteo@uposition and structure of
the surface layer formed on the grain boundariger ahe hydrothermal treatment.

Following are some features of this layer:

1. This surface layer forms a thermoelectrically falde grain boundary phase that is
able to improveZT by providing extra carriers which compensate esstiloss in the
mobility. A surface layer as insignificant in amauas it is can greatly alter the

transport properties of phonons and electronserbtilk material.
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2. Benefitted from the improvement &I whereas less temperature dependence of the
compatibility factorS due to such surface layer, the thermoelectric adeis more
adaptive to variable working conditions.

3. Although the SAED attains a new square pattern ftiois layer, it is not considered
to have long range ordering as indicated by sorherdechniques such as the XRD,
HRTEM, etc.

4. It has been found to mainly consist of light eletseand accounts for only a very
small fraction of the sample mass.

5. Itis not stable at high temperature.

Unfortunately, by the time of the completion ofsldiissertation, there are a lot of
guestions that remain unanswered about the exasttste and composition of the
surface layer. Therefore, ascertaining the strectland composition of this
thermoelectrically favorable layer would be theus®f future work. SIMS (secondary
ion mass spectrometry) is a very sensitive techmtguanalyze the composition of solid
surfaces. Therefore, it will be considered in th&ufe. It has also been found that the
deterioration in the Seebeck coefficient of n-tyodycrystalline BiTe; samples after the
hydrothermal treatment with alkali metal salts was much to be compensated by the
decrease in the thermal conductivity. Although tisisa discouraging result, follow-up
investigations on it may help discover how thisfsce layer affects the transport
properties in the BTe; system. In addition, hydrothermal treatment witheo families

of elements may also be an option for future work.
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The hydrothermal treatment involves chemical reastiand/or physical changes
under high temperature and high pressure. Moreagrh reactions and/or changes
would continue in the process of subsequent deasidin of powder into pellets with
hot-pressing during which high temperature and lggéssure present. The research on
hydrothermally treated polycrystalline 2Sn 2sTe shows thét different hot-pressing
conditions can significantly affect the formatiohtiee nanoscaled grain boundary, which,
combined with the selection of different alkali mletsalts for treatment, leads to
differences in thermoelectric performance. Accogtiin “grain boundary engineering”
via hydrothermal treatment actually includes a exerof reactions and/or changes
occurring during the treatment itself and postitrent such as hot-pressing. This
dissertation does not address the influence of-fpeatment on samples’ properties, and
follow-up investigations on that would make thigdlgthermal treatment technique more
comprehensive. In recent years, the SPS (sparknplasntering) technique has been
more and more employed for densification than theventional hot-pressing. It takes a
much shorter time for the SPS to densify powderd #ms is assumed to help
nanostructures survive. Therefore, using SPS idstéehot-pressing to solidify treated

powders would also be a topic of interest.
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