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論 文 内 容 の 要 旨                   

 
熱電変換材料は、温度差を電力に直接変換する物質であり、21世紀における

クリーンなエネルギー源の一つとして国内外で有望視されている。特に酸化物

は、既存のBi2Te3やPbTeなどの重金属化合物が分解してしまうような高温（～50

0℃）においても安定なことから、工場や自動車の廃熱を利用した熱電発電への

応用が期待されている。一般に熱電変換材料の性能は性能指数ZTを用いて評価

される。 

( )2 1 3 2 1*ZT S T mσ κ μ κ− −= ∝
 

ここでSはセーベック係数、 σ は導電率、 κ は熱伝導率、 *m は状態密度有効質

量、 μ はキャリア移動度である。（キャリア有効質量の場合は縮重度をかける） 

本研究は、ぺロブスカイト型20％NbドープSrTiO3（ZT=0.37@1000K：n型酸化物

最高性能）のZTの改善を目指し、Ruddlesden-Popper(RP)相と呼ばれる層状ぺロ

ブスカイト酸化物SrO(SrTiO3)n(ｎは自然数)の熱電変換特性に関する研究を行

った。RP相はc軸方向に単層のSrOとｎ層のSrTiO3が交互積層した自然超格子であ

る。我々はこの結晶の(SrTiO3)n層がSrTiO3と同等の出力因子（S2σ）を持ち、Sr

O層がフォノンを効率よく散乱することで、20％NbドープSrTiO3より更に高いZT

を示すと予想した。 

本研究では、希土類金属 (RE）又はNbドープRP相のｎ型のセラミックスを固

相反応とホットプレスにより作製し、熱電特性を測定した。本論文は以下の7章
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より構成されている。 

第 1 章：序論では、熱電変換材料の熱電現象、熱電性能と変換効率、既存熱

電材料と酸化物熱電材料の開発状況及び本研究の背景と目的について説明した。 

第2章では 熱電変換材料の特性及び測定方法や計算方法を簡単に紹介した。 

第3章では、X線Rietveld解析の基本知識、要求と評価、本研究におけるRP相

のRietveld解析の実験方法を述べ、室温のNbドープSrO(SrTiO3)nとREドープSrO

(SrTiO3)nの結晶構造、ドーピングに引き起こされた格子定数、RP相中TiO6八面体

の構造、特にTi-O結合距離、(100)面内O-Ti-Oの角度等の解析と計算の結果を報

告する。熱電性能はNbドープSrO(SrTiO3)2の方がNbドープSrO(SrTiO3)1より良い

のため、Rietveld解析はSrO(SrTiO3)2を中心に行った。Nbドープ場合、ドーピン

グ量によって、室温でO-Ti-Oの角度が増大するのに、Ti-O(3種類)の長さの差が

大きくなって、TiO6の対称性は正八面体から大きくずれてしまう。更に、高温で

はO-Ti-Oの角度が減少するため、さらに八面体の対称性はさらに崩れる。一方、

REドープの場合はREイオン半径の減少に伴い、Ti-Oの長さの差が小さくなり、O

-Ti-Oの角度も増大し、TiO6八面体は正八面体に近づく。高温では、O-Ti-Oの角

度が更に増大する。この両者のTiO6八面体の対称性の違いが伝導帯の状態密度に

大きな影響を及ぼす。 

第4章ではNbドープRP相セラミックスの熱電特性と結晶構造の関係について

述べる。この結晶はSrTiO3に比べ低い熱伝導率を示した。結晶構造中に存在する

SrO/(SrTiO3)2界面がフォノン（量子化された格子振動）の散乱中心として低熱伝

導化に寄与していると推察している。RP相の導電率と電子移動度はｎ型SrTiO3

より低かった。このセラミックス中でランダムに存在する絶縁性SrO層が電子伝

導を阻害するためと推察している。NbドープRP相のセーベック係数はｎ型SrTiO

3と比較して小さいことがわかった。バンド伝導を仮定して計算によって求めた

状態密度有効質量md
*は2-3m0であり、SrTiO3の1/3ほどしかないことがわかった。

Nbドーピングが高温の時TiO6八面体の対称性に効き目が無く、伝導帯の底部にお

けるTi 3d軌道分裂が起こすより状態密度が低下し、状態密度有効質量を減少の

原因だと考えられる。 

第5章では、REドープRP相セラミックスの熱電特性と結晶構造の関係について

述べる。セーベック係数の著しい増大が見られた。状態密度有効質量md
*は～7.5

m0（@1000K）であり、SrTiO3とほぼ同じであった。高温でTi-Tiの距離が伸長し、

結合角O-Ti-Oが増大することでTiO6八面体の対称性が正八面体に近づいたため、

結晶場分裂したTi 3d軌道が三重縮退したと考えている。REドープRP相セラミッ

クスの熱伝導率はNbドープRP相と同様にSrTiO3に比べ小さく、導電率も同様の挙

動を示した。REドープRP相のZTはNbドープRP相と比較して40％増大した。得ら

れた最高のZT値は、5％GdドープSrO(SrTiO3)2の0.24(1000K)であった。 

第6章では、第四章と第五章で述べた2種類のRP相の熱電特性をまとめた。 

この2種類のRP相の熱電特性と結晶構造の比較を通して、TiO6八面体の対称性

－状態密度有効質量－ゼーベック係数には密接な相関があり、TiO6八面体を正八

面体に近づけることで高いゼーベック係数が得られることがわかった。 

第7章では将来展望について述べた。 

特性改善の鍵は導電率を高めることである。問題は、配向のないセラミック

スの絶縁性SrO層が電子伝導を阻害することである。導電率向上のためには、c

軸配向薄膜やc軸配向セラミックスを作ればよいと考えられる。 
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Abstract 

In this paper, we report the study carried out on the thermoelectric properties of a 
layered perovskite-type Ruddlesden-Popper phase Srn+1TinO3n+1 or SrO(SrTiO3)n (n= 
integer).Thermoelectrics can be used for power generation and solid-state 
refrigeration, with many superiorities over other techniques, such as having long life 
time, low need of maintenance, and etc., and are regarded as a green solution for 
energy recovery and refrigeration. The performance of the thermoelectrics can be 
essentially evaluated by the dimensionless thermoelectric figure of merit, ZT: 

2 3/2S T mZT σ μ
κ κ

∗
= ∝ , 

where the , , , *S m andσ κ μ are the Seebeck coefficient (or thermopower), electrical 
conductivity, thermal conductivity, carrier effective mass and mobility, respectively. 
As an effective way to achieve a higher ZT, reducing the thermal conductivity is a 
widely applied solution for conventional bulk materials. 

In order to find better n-type oxide thermoelectrics, which can compete with the 
existing p-type counterparts in all-oxide thermoelectric applications, we focused on a 
layered perovskite-type oxide, Ruddlesden-Popper phase Srn+1TinO3n+1 or 
SrO(SrTiO3)n (n = integer) , in view of the potential ability of maintaining the 
excellent carrier transport features by the perovskite-type (SrTiO3)n layers in the 
crystal structure, and of obtaining a suppressed κ by enhanced phonon scattering at 
the SrO/(SrTiO3)n interfaces. 

Basically, the study was done in three aspects: composition, structure, and 
performance. The research done for the Ti-site-Nb-doping, revealed that the Nb-doped 
phases have a remarkably reduced κ, as compared to the cubic perovskite-type SrTiO3, 
which is contributed by the layered structures that are effective in phonon scattering. 
However, due to the insulation of the SrO layers randomly distributed in the 
polycrystals, the electrical conductivities of RP phases are smaller relatively. What’s 
more, the Seebeck coefficients and the effective mass md

* were found to be rather 
lower than those of SrTiO3, even at a close carrier concentration, we deduced the 
crystal field splitting of Ti 3d-t2g orbitals(splitting of degeneracy) by the presence of 
deformed TiO6 octahedra and could be responsible for low S. These results proposed 
the restoration of TiO6 octahedra in the RP crystal structure to a high symmetry state 
as a necessity for higher thermoelectric performance. Through doping kinds of RE 
with varied ionic radii, we found that when doped with small-sized RE dopant like Gd 
and Sm, the RP compounds showed rather higher S than the Nb-doped ones, with a 
much larger increasing rate as temperature increased, and the effective mass were 
fairly larger. The further investigation into and a comparison of the structure 
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properties of the Nb- and RE-doped Sr3Ti2O7 revealed that: small RE doping could 
improve the local symmetry of the TiO6 octahedra by enlarging the O-Ti-O bond 
angle in (100), especially at high temperatures. Thus, it suggests that the local 
symmetry of the TiO6 octahedra is a significant factor affecting the thermoelectric 
performance of the RP phases. We proposed the mechanism for the large Seebeck 
coefficient to be the enhancement of md

*, primarily by the restoration of the local 
symmetry of the TiO6 octahedra at high temperature facilitate the degeneracy of the Ti 
3d orbitals, which gives rise to the density of states near the conduction band bottom, 
and secondarily by the increase in Ti-Ti distance as a result of the thermal expansion 
reduces the inter Ti-Ti overlap. These findings suggest the possibility of enhance the 
Seebeck coefficient by structural engineering in the RP compounds, which may be 
also helpful in developing other Ti-based thermoelectric oxides. 

In chapter 1, basic knowledge about the thermoelectrics and background of the 
research were introduced, and the relevant measurements and characterization were 
described in Chapter 2 briefly. The 3rd chapter covers the structural analysis with 
Rietveld refinement, which revealed the structural change and difference between the 
two series of doped RP phases. The work for Nb-doped compounds with respect to 
the microstructure and the thermoelectric properties were presented in Chapter 4, and 
the next chapter is on the RE-doped compounds, which gives a comparison of their 
performances with Nb-doped ones. Based on the work for these two series 
compounds, a review is given for summary in Chapter 6. In Chapter 7 presented are 
some considerations after the review for the study of RP phases. 
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List of symbols 
 

Å angstrom unit 

Cp specific heat or heat capacity 

d grain size 

D thermal diffusivity 

e electronic charge 

E energy of a charge carrier 

E energy of charge carriers, electric 

field 

Eg energy band gap 

F Fermi-Dirac integral 

f Fermi distribution function 

g density-of-states (DOS) 

I  electrical current 

J  electrical current disity 

k  Boltzmann constant 

κ thermal conductivity 

κtot total thermal conductivity 

κele electron contribution to thermal 

conductivity 

κlattice lattice vibration (phonon) 

contribution to thermal conductivity 

L  Lorenz number 

mo  free electron mass 

md
* carrier DOS effective mass 

ne  carrier concentration 

RHall Hall coefficient 

r  scattering factor 

S  Seebeck coefficient or thermopower 

S2σ  electrical power factor 

T  absolute temperature 

Z  thermoelectric figure of merit 

ZT  thermoelectric dimensionless figure 

of merit 

α  thermal diffusivity 

η   Fermi energy 

η∗ reduced Fermi energy 

μ  carrier mobility 

μHall carrier Hall mobility 

ξ  chemical potential 

σ electrical conductivity 

ρ  density 

τ  carrier relaxation time  

τε energy relaxation time
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Chapter 1 Introduction 

Energy, an indispensable resource for we mankind to live on, has been relied upon the 

fossil resources such as rude oil, coal, natural gas, and etc. since the ancient time, and will 

play a predominant role to us in the future development. As a non-ignorable fact, however, 

these resources are not infinite and meanwhile they produce a large amount of greenhouse 

gases, e.g. CO2, which should be responsible for the continuous rising of the global 

temperature for decades. So we must be less dependent on these conventional energy 

resources. Intensive efforts have been made to explore new resources, e.g. nuclear reactor, 

wind and solar energies, and etc., and to develop various novel techniques to save and recover 

the energies in industry, traffic, and household life. 

Among those techniques, the application of thermoelectrics or thermoelectric modules is 

particularly attractive. Thermoelectric modules are assembled by compactly arraying quantities 

of n-type and p-type thermoelectric elements or legs in a special configuration, as illustrated in 

Fig.1-1(a). Thermoelectrics can directly generate electrical power by converting a heat input 

(Fig.1-1(b)), which is very promising for power generation, e.g. in the geothermal energy 

utilization and especially the heat recovery in industry. 

Beside power generation, thermoelectrics can refrigerate as well when applied with an 

electrical current (Fig.1-1(c)). This application is of significant value for the manufacture of 

micro-scale electronic devices, serving as a cooler where an excess heat should be removed, 

e.g., a central processing unit (CPU) of a high-speed computer can produce notable heat leading 

to a temperature as high as several hundred degree centigrade on its surface, which greatly 

limits its working frequency by affecting negatively its performance and reliability. 

Thermoelectric refrigeration is very hopeful to further improve the CPU frequency by an active 

cooling, with a superiority of smaller volume and higher safety over any other techniques, e.g. a 

water cooling system. Thermoelectrics are also very useful in portable low-temperature 

storages, e.g. for medical treatment, and even one day in the future thermoelectrics, in a form of 

silk, can be weaved into a cloth that is capable both of warming and cooling the human body. 

The thermoelectrics have many advantages over those conventional techniques. 

(1) Environmentally friendly: they neither emit any pollutants nor produce noise. 

(2) Compact: they occupy a much smaller space than any other generator or refrigerator 

and thus can be utilized in many cases where space is limited. 

(3) Low requirement of maintenance: containing no moving or rotating parts, they are able 
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to work silently and reliably for an extended lifetime, e.g. the radioactive thermoelectric 

generator (RTG) in the space shuttle of Voyager has been supplying power for about 17 years. 

(4) Applicability: thermoelectrics can be used for power generation anywhere if a heat 

source is available while some other energy resources are limited, e.g. in the far space from the 

solar system, RTG is more reliable to give power than a solar cell where sunshine is insufficient. 

Thus, the application of thermoelectrics is considered as a promising solution to power 

generation. Moreover, reversely, thermoelectrics can refrigerate, basing on the widely-known 

Peltier effect, when constructed with an electrical supply to form a circuit, and this enables their 

wide applications of local cooling in microelectronic devices (e.g. for the central processing 

unit in a high-speed computer), medical storages, portable refrigerators and so forth. 

1.1 Thermoelectric phenomena 

1.1.1 Thermoelectric effects 

The abilities of power generation and solid-state refrigeration of thermoelectrics are based 

on two effects, i.e. the Seebeck effect and the Peltier effect, respectively. Beside these 2 effects, 

there is a third effect, Thomson effect. In the following, these 3 effects will be introduced, with 

their interdependence, termed the Kelvin relationships.  

(1) Seebeck effect 

Seebeck effect [1] [2] can be traced back to the first discovery in 1821 by Thomas Johann 

Seebeck (1770 – 1831), which can be explained as follows: when a circuit made from 2 kinds of 

dissimilar conductors, say A and B, as shown in Fig.1-2(a), is kept at different temperatures for 

the 2 junctions a and b, across which, consequently, a temperature gradient is present, a voltage 

or an electromotive force (EMF) dV will be generated between the ends c and d when opened. 

Its magnitude is linearly proportional to the temperature difference dT (in a range not so wide, 

strictly). If the open ends c and d are connected, an electrical current I will develop to flow 

along the loop (Fig.1-2(b)). When dT closes to zero, the relationship between the generated 

voltage dV and the temperature difference dT can be expressed as below.  

 ABdV S dT= ⋅ , (1-1) 

or  

 AB
dVS
dT

=  (1-2) 
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and 

 AB A BS S S= −  (1-3) 

where SA and SB are the absolute Seebeck coefficients of conductor A, and conductor B, 

respectively. And SAB is the relative Seebeck coefficient of the A-B circuit. 

(2) Peltier effect 

As schematically illustrated in Fig.1-2(c), when apply an external electromotive force 

(EMF) source across c and d, a current I flows in a clockwise sense around the circuit then a rate 

of heating dQ/dt occurs at one junction between A and B and a rate of cooling –dQ/dt occurs at 

the other. The ratio of I to dQ/dt defines the Peltier coefficient by 

 AB
dQ I
dt

π= ⋅  (1-4) 

where ABπ is the Peltier coefficient of A-B circuit, measured in watts per ampere or in volts, and 

is positive if the junction a is heated and b is cooled. 

(3) Thomson effect 

Thirty years after the discovery of Seebeck effect, Thomson analyzed the Seebeck effect 

and Peltier effect, and found a third phenomenon, the Thomson effect. The Thomson effect 

relates to the rate of generation of reversible heat dQ/dt which results from the passage of a 

current along a portion dx of a single conductor along which there is a temperature 

difference dT , as shown in Fig.1-2(d). Providing the temperature difference is small, the dQ/dt 

can be represented as 

 dQ dTI
dt dx

μ= ⋅ ⋅ , (1-5) 

where μ is the Thomson coefficient in a same unit of V/K to that of Seebeck coefficient and 

depends on its material and temperature. If the current I flows from the hot end to the cold end, 

μ is positive and heat is librated; on the other hand of a reversed current, μ is negative and heat 

is absorbed. Although the Thomson effect is not of primary importance in thermoelectric 

devices or in practical application, it should not be neglected in detailed calculations.  

(4) Kelvin relationships  

The interrelationship among these 3 effects can be derived from the thermodynamics law 

to be 
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 AB AB
dVT S T
dT

π = = , (1-6) 

and  

 
2

2
AB AB

A B
dSd d VT T T

dT T dT dT
πμ μ ⎛ ⎞− = − = − = −⎜ ⎟

⎝ ⎠
, (1-7) 

that is 

 AB B AdS
dT T

μ μ−
= , (1-8) 

The equations of (1-6) and (1-7) or (1-8) are termed as Kelvin relationships, which 

interrelate the three thermoelectric effects. 

1.1.2 Origins of Seebeck effect and Peltier effect 

(1) Seebeck effect 
For simplification, take for instance a one-dimensional n-type semiconductor bearing a 

homogenous temperature gradient across the both ends that are in ohmic contact with a metal, 

at T0 and T0+ Δ T, respectively, as shown in Fig.1-3(a). At the hot end, carriers (electrons) of 

higher density are generated and hence some of them spontaneously drift towards the cold end, 

leading to a gradually increasing electric field, from the hot end to the cold, which retards the 

carriers form accumulating further to establish an equilibrium state. The resultant band 

structure is shown below. The energy bands in the semiconductor are inclined, with higher 

energy state for electrons at hot end, due to the developed electric field, which causes an EMF 

of V; moreover, the Fermi energy level is different in the rate of inclination due to the 

temperature gradient across the 2 ends, which gives an additional EMF 1 FdE T
q dT

Δ . Accordingly, 

the potential difference V is the sum of these 2 EMFs, i.e. 1 FdEVs V T
q dT

= + Δ . Through 

calculation, finally, the Seebeck coefficient S can be derived as follows: 

 

 1( *)2 *
1 ( *)

B r

r

k FrS
e r F

ξ ξ
ξ

+⎛ ⎞+
= ± ⋅ −⎜ ⎟+⎝ ⎠

, (1-9) 

 ( *)0
( *)

1

r

r x

xF dx
e ξξ

∞

−=
+∫ , (1-10) 

where kB is the Boltzmann, e the electron charge, r the scattering factor of the carrier, and *ξ is 
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the reduced Fermi energy, ( )* c F

B

E E
k T

ξ
−

= for n-type, and ( )* F v

B

E E
k T

ξ
−

=  for p-type 

semiconductor. 

For non-generate semiconductors, (1-17) can be simplified as 

 ( )2 *BkS r
e

ξ= ± + −⎡ ⎤⎣ ⎦ . (1-11) 

(2) Peltier effect 
As shown in Fig.1-3(b), a current I flows from left to right through an n-type 

semiconductor which is in ohmic contact with metal at the both ends in a circuit. The electron in 

the metal left must absorb energy, ( )3( ) 2c F BE E E k TΔ = − + where ( )3
2 Bk T is the average 

dynamic energy of the electron in the conduction band, so as to pass into the semiconductor 

while cooling the metal left, then liberate the energy E on entering the metal right while heating 

it. 

1.2 Energy conversion efficiency and thermoelectric figure 
of merit 

Consider a sample generator as shown in Fig. 1-2(a). The maximum efficiency is can be 

expressed as 

 Max

1 1

1

C

CH
C

H

Z TT
TT Z T
T

η
+ −Δ

= ⋅
+ +

, (1-12) 

where H CT T TΔ = − is the temperature difference between the both ends, 
2

H CT TT +
= is the 

average temperature, and ZC is given by 

 ( )
( ) ( )

2

21 2 1 2

A B

A A B B

S S
Zc

R Rκ κ

−
=

⎡ ⎤+⎣ ⎦

 (1-13) 

where SA and SB,  and ,A Bκ κ  and and A BR R are the Seebeck coefficients, thermal 

conductivities, and electrical resistances of leg A and B, respectively. For the purpose of 

comparing materials, it is convenient to define the thermoelectric figure of merit Z for a single 

material as 
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2SZ σ
κ

= , (1-14) 

where , , and S σ κ are the Seebeck coefficient, electrical conductivity and thermal conductivity 

for the material, and 2S σ is termed the power factor, which is also often used for material 

performance evaluation. Actually, the thermoelectric performance is more commonly 

expressed as the dimensionless figure of merit ZT by multiplying it with the average 

temperature ( ) 2H CT T T= + . The value of the figure of merit is usually proportional to the 

efficiency of the device (Fig.1-4(a)), subject to certain provisions, particularly the requirement 

that the two materials of the couple have similar Z values. 

ZT is a very convenient figure for comparing the potential efficiency of devices using 

different materials. A good thermoelectric material should have a large S, a highσ and a lowκ , 

simultaneously. However, the thermoelectric parameters ( , , and S σ κ ) are interactive, and have 

a trade-off dependence on the carrier concentration ne, as shown in Fig.1-4(b). 

Metals have very high electrical conductivity, but the S are typically no larger than 

several 1V Kμ −⋅ , and insulators are also limited by their poor electrical conductivity, so 

semiconductors are more capable of thermoelectric applications. 

The principles for achieving a high figure of merit have been proposed, for a standard 

band-type semiconductor that 

 
32 2*S mZ σ μ

κ κ
⋅

=  ∝ ,[3][4] (1-15) 

where m* is the carrier effective mass, μ the carrier mobility and κ the thermal conductivity, 

which points out the basic guidelines for increasing Z as follows: 

(1) The enlargement of m* is effective to give rise to a larger S; 

(2) The carrier mobility should be maximized to obtain a highσ , as can be known for the 

definition, en qσ μ= ⋅ ⋅ ，where q is the electron charge, and nethe carrier concentration; 

(3) The reduction of κ is of great meaning to Z enhancement. 

As a fact, the ZT values of most bulk thermoelectric being used practically are still not high 

enough to achieve high conversion efficiencies comparable to conventional compressor-based 

refrigerators for refrigeration. Ideas in using superlattices to improve the thermoelectric figure 

of merit through the enhancement of electronic conductivity and reduction of phonon thermal 

conductivity were proposed by M.S. Dresselhaus and co-workers whose consequent works, 

both theoretical and experimental, presented amazing effects of enhancing the ZT value,[5] and 

triggered globally wide interest in the field of thin-film superlattice thermoelectric materials, 
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devices, and applications.[6,7] Because it is not strongly relevant to the present research, the 

aspect will be omitted. Actually, due to the readiness of forming a larger temperature difference 

than a film, bulk thermoelectric materials are laid much hope for practical application. 

1.3 Thermoelectric materials 

Great efforts have been made to investigate various classes of materials to understand their 

behavior and determine methods to modify or “tune” them to optimize their thermoelectric 

properties. Nowadays, we have already a lot of materials (Fig.1-5) having excellent 

thermoelectric performance, and hereby, will be discussed by 2 sections of non-oxide and oxide 

thermoelectrics, as follows are introduced some thermoelectric materials in bulk. 

1.3.1 Non-oxide thermoelectrics 

Non-oxide thermoelectrics are the prevailing materials for practical application, but they 

are mostly made of elements toxic and or limited in abundance in the nature, furthermore the 

application in high temperature region requires materials more thermally stable, thus the 

research in the field of oxide thermoelectric has become very attractive.  

Table 1-1 Thermoelectric figures of merit for conventional materials 

Materials Conduction type Zmax(10-3 K-1) Topt (K)
c-Bi0.85Sb0.15 n 6.6 80 
c-Bi2Te2.85Se0.15 n 2.5 ~ 3.0 300 
s-Bi2Te2.85Se0.15 n 2.3 ~ 2.8 300 
c-Bi0.9Sb1.5Te2.85Se0.15 p 2.8 ~ 3.2 300 
s-Bi0.9Sb1.5Te2.85Se0.15 p 2.7 ~ 3.0 300 
c-PbTe p, n 1.3 ~ 1.5 650 
c-Pb0.75Sn0.25Te p 1.1 750 
s-Pb0.75Sn0.25Te p 1.0 700 
s-TAGS (80 mol% GeTe) p 2.0 700 
s-Ce0.9Fe3CoSb12 p 1.7 700 
s-Si0.8Ge0.2 p, n 0.5 ~ 0.7 900 
s-Si0.78Ge0.22 + 6 mol% GaP p, n 0.8 ~ 1.2 900 
s-CrSi2 p 0.51 600 
s-MnSi~1.73 p 0.33 800 
s-FeSi2 p, n 0.2 ~ 0.5 670 
s-CoSi n 0.1 500 
c-: crystal or crystal-oriented materials; s-: sintered ceramics. 
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1.3.2 Oxide thermoelectrics 

The fever of research in oxide thermoelectrics was triggered by the discovery of a 

larger-than-expected thermoelectric performance in a p-type NaCo2O4 crystal,[10] which 

exhibited a high power factor comparable to those of the metallic alloys at room temperature 

(Table 1-2). After then, some other cobalt oxides, such as Ca3Co4O9 [11] and Bi2Sr2Co2Oy [12] 

have been found to be good candidates for thermoelectric application. 

These series of p-type cobalt oxides are of layered structure, where CoO2 nanosheets 

possessing a strongly correlated electron system serve as electronic transport layers, while 

sodium ion nanoblock layers or calcium cobalt oxide misfit layers serve as phonon-scattering 

regions to achieve low thermal conductivity, which is even lowered in a more complicated 

block layer, e.g. Bi2Sr2Co2Oy, and the origin of the large Seebeck coefficient is reported to be 

 

Table 1-2 Comparison of thermoelectric properties between NaCo2O4 and Bi2Te3. 

 

 

 

 
due to that S arises from spin fluctuation, as is similar to heavy fermions and/or 

valence-fluctuation systems.  

Therefore, this finding inspired us that: If more than two kinds of unit nanoblocks, with 

different compositions and symmetries, are integrated into superlattices or hybrid crystals, each 

block can play its own role in generating a specific function, and hence, electron and phonon 

transport can be independently controlled (Fig.1-6). This concept of nano-block integration 

gives a strategy for the present research.  

1.4 Research Strategy  

1.4.1 Previous research on SrTiO3 

Among various n-type oxide thermoelectrics, we have found 20%Nb-doped 

perovskite-type SrTiO3 to exhibit excellent thermoelectric performance with a ZT = 0.37 [13] at 
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1000 K. However, the ZT value is relatively insufficient to couple with the p-type counterpart 

for fabrication of all-oxide thermoelectric modules. Therefore, it still remains a strong 

requirement for better n-type thermoelectric oxides.  

Perovskite-type SrTiO3 has an isotropic cubic crystal structure (Fig.1-7(a)), which has a so 

strong structural tolerance towards doping as to reach a degenerate state possessing a high 

electrical conductivity, and is known to have an electronic band structure in which the 

conduction band is made of the Ti 3d orbitals consisting of triply degenerate orbitals (3dxy, 3dyz 

and 3dxz) in the cubic TiO6 octahedra (Fig.1-7(b)). [14] Band degeneracy NC is 6 including the 

spin degeneracy [15] with the band gap energy of Eg ~3.2 eV. Possibly due to the d-band nature, 

the effective mass md
* of carrier electrons is quite large; md

* = (1.16 ~ 10) m0 [16],  where m0 is 

the free electron mass, and this should be responsible the large Seebeck coefficient. As a result 

of the achievable high electrical conductivity and the large thermopower, the power factor 

observed was fairly large (~ 3 -1 -21.5 10 Wm K−×  at 1000 K; 20%Nb-doped). Moreover, 

perovskite-type SrTiO3 has a very high melting point of 2080 K, suggesting a potential of the 

application at high temperature.  

The main factor responsible for the insufficient performance is considered to be due to its 

large thermal conductivity (~11 – ~3.2 Wm-1K-1 in the temperature range of 300 ~ 1000 K), [17] 

which is almost 1 order larger than those of conventional thermoelectrics (Fig.1-8). As we 

know, the total thermal conductivity comprises the contributions of phonon (lattice vibration) 

and carrier transport. In the 20%Nb-doped SrTiO3, the carrier contribution was found to be very 

little compared to the total value, thus, the reason should be the simple structure of SrTiO3 

which lacks for effective phonon scattering. 

1.4.2 Focus on layered perovskite-type Ruddlesden-Popper phase 

SrO(SrTiO3)n (n = integer) 

To suppress the thermal conductivity of perovskite-type SrTiO3, we focused on the natural 

superlattice of perovskite-type SrTiO3, SrO(SrTiO3)n (n = integer), called Ruddlesden-Popper 

(RP) phases.  

The RP phases of Sr-Ti-O system are a family of layered perovskite-type oxides, which are 

built up with alternatively stacked n-layer perovskite-type SrTiO3 and one layer of SrO, SrTiO3 

is the infinite member. Among the RP phases, the 2nd member has been found to be the most 

stable, which most of this research has been focused on. 

We expected the excellent transport properties of SrTiO3 can be maintained by the 

presence of perovskite slabs, moreover, the κ can be suppressed by an enhanced phonon 
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scattering at the interfaces of SrO/(SrTiO3)n. Therefore, a higher ZT would be achievable, and 

we challenged to fabricated n-type RP compounds by doping at the Ti-sites and Sr-sites with Nb 

and rare earth metals, respectively. 

1.4.3 Research approach 

In order to develop n-type thermoelectric oxides, obviously, there are 2 sites suitable for 

doping with higher-valence atoms, i.e. the Sr and Ti sites. In this research, we successfully 

fabricated Ti-site-Nb5+-doped and Sr-site-rare earth (hereafter RE; RE = La, Nd, Sm, 

Gd)-doped RP compounds. 

Table 1-3 Target compositions doped with Nb and/or RE at various level of x. 

Site Dopant Target Composition Doping Level (x)
Ti Nb SrO(SrTi1-xNbxO3)n 5%, 10%, 20% 
Sr RE (RE = La, Nd, Sm, Gd) (Sr1-xREx)n+1TinO3n+1 2.5%, 5%, 10% 
Powder Chemicals SrCO3 (99.9%), TiO2(99.9%) 

Nb2O5(99.9%), RE2O3(99.9%; RE = La, Nd, Sm, Gd) 

 

Polycrystalline bulk ceramics of RP phases with compositions listed above were 

fabricated in two steps, i.e. (1) single phase powder synthesis: through a conventional 

solid-state reaction, to synthesize single phase doped RP compound powders; (2) with the aid 

of hot-pressing technique, to fabricate the powders into the dense polycrystalline ceramics. 

Through the investigation into the effect of doping with different dopants on the two sites 

(Ti and Sr) on the crystal structures and their relations to the thermoelectric properities, 

optimize the doping method to get a breakthrough of the performances.  

1.5 Ruddlesden-Popper (RP) phases SrO(SrTiO3)n 

1.5.1 Crystal structures 

The Ruddlesden-Popper (RP) phases can be generally represented with a chemical 

formula of SrO(SrTiO3)n (n = integer), which were first studied and reported by S.N. 

Ruddlesden and P. Popper [18,19]. Structurally, these compounds can be taken as an alternative 

integration of perovskite-type (SrTiO3)n slabs and NaCl-type SrO layers along the c-axis. As 

theoretically predicted by Claudine Noguera and proven by our experiments, only the members 

with n ≤ 2 are thermodynamically stable, and the n = 2 is the most, in the temperature range of 

interest to the present research (300 ~ 1000 K),  
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Figure 1-9 shows the schematic structure of SrO(SrTiO3)n.  For n = 1, the structure is of 

the tetragonal K2NiF4 type (space group, I4/mmm) and can be regarded as the alternative 

stacking of perovskite SrTiO3 layers and SrO rock-salt-type layers. For n = 2, the space group is 

tetragonal I4/mmm, and two perovskite layers are interleaved with SrO layers. n is equal to the 

number of layers of corner-sharing TiO6 octahedra in each perovskite block. If n is infinity, the 

compound is cubic perovskite-type SrTiO3 (space group, Pm3 m ), where each TiO6 regular 

octahedron shares its corner three dimensionally. 

With the presence of this layered structure and excellent performance-bearing perovskite 

(SrTiO3)n layers, the family of natural superlattice were expected to be very promising in 

thermoelectric applications. 

1.5.2 Previous research on Ruddlesden-Popper phases 

SrO(SrTiO3)n 

The final member of RP phases, SrTiO3, have been intensively studied in the field of 

superconductors, dielectrics, piezoelectrics, and etc. Since the first report of S.N. Ruddlesden 

and P. Popper, [18,19] the other RP members, usually with n ≤ 3, have also attracted intensive 

attention and were studied theoretically [20] and experimentally for the potential applications 

due to their high-temperature superconductivity, colossal magneto-resistance or high dielectric 

permittivity, e.g. for microwave (MW) resonators and also for alternative gate oxides in 

MOSFETs. However, recently, the epitaxial growth of the first five members (n = 1 – 5) of the 

SrO(SrTiO3)n Ruddlesden–Popper homologous series by reactive molecular beam epitaxy have 

been reported to be prepared successfully. [21] And interestingly, a series of layered 

intergrowth phases SrmTiO2+m (m = 1 – 5) grown by molecular beam epitaxy were reported most 

recently, [22] which appear like an anti-structured compound of SrO(SrTiO3)n. So far, no 

research on thermoelectric properties of SrO(SrTiO3)n has been done. 
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Fig.1- 1 Schematic images of (a) a thermoelectric module assembled with 
quantities of n- and p-type thermoelectric elements or legs, which can be used for (b) 
power generation and (c) solid-state refrigeration. 

 

 

 

 

Fig.1- 2 Schematic demonstration of the Seebeck effect in (a) an open, and (b) a 
closed circuit made of 2 dissimilar conductors whose junctions are maintained at 
different temperatures, and of (c) the Peltier effect and (d) the Thomson effect. 
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Fig.1- 3 Schematic diagram for the band structure (a) Seebeck effect, and (b) 

Peltier effect. 

 

 
Fig.1- 4 (a) Dependence conversion efficiency on ZT value, and (b) the trade-off 

relationship of Seebeck coefficient S, electrical conductivity σ, power factor S2σ and 

thermal conductivity κ on the carrier concentration, ne. 

 

 

 



 14

 

 

Fig.1- 5 Some representative thermoelectrics and their figures of merit, Z. 

 

 

Fig.1- 6 Schematic illustration of the nano-block integration concept. 
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Fig.1- 7 Crystal structure (a) and band structure (b) for of cubic perovskite-type 

SrTiO3. 

 

 

Fig.1- 8 Temperature dependence of the Dimensionless figure of merit, ZT (up) 

and thermal conductivity (below) for 20%Nb-doped SrTiO3 [17] . 
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Fig.1- 9 Schematic crystal structures of RP compounds ((a) n = 1; (b) n =2; (c) n = 

3) and (d) SrTiO3 (n =∞). 

 

 

Fig.1- 10 Symmetry state of TiO6 octahedra in (a) SrO(SrTiO3), (b) SrO(SrTiO3)2, 

and (c) SrTiO3. 
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Chapter 2 Measurements and characterizations 
Thermoelectric properties and crystal structure were conducted and studied to clarify the 

potential of Ruddlesden-Popper phase as novel thermoelectrics, the structural response to the 

doping both on Sr-sites and Ti-sites, and the relationship between the structural features and the 

thermoelectric behaviors. The thermoelectric properties measured in the present research 

included electrical conductivity σ , Seebeck coefficient S, thermal conductivity κ , carrier 

concentration ne and Hall mobility Hallμ . From these observed parameters, the values of carrier 

effective mass md
* were evaluated. XRD measurements at room temperature and/or high 

temperatures were performed to analyze the phase compositions for the sample preparation 

during single phase powder synthesis and after hot-pressing process, the finely collected data 

were used in Rietveld refinement to get the detailed structural information. 

In this chapter, the relevant thermoelectric properties and the crystal structure features 

involved in this study are briefly discussed, together with their measuring methods. 

2.1 Thermoelectric properties 

2.1.1 Electrical conductivity 

Electrical conductivityσ is a measure of the ability of a material to conduct an electrical 

current I, and is defined as the reciprocal value of the resistance ρ as follows: 

   1σ
ρ

=  (2-1) 

while 

 lR
A

ρ= ⋅  (2-2) 

and 

 UR
I

=  (2-3) 

So 

 
( ) ( )

1 1 I JA
A UU A ER l lI l

σ = = = =
⋅

 (2-4) 

where r is the resistance, A the area of cross section of the conductor, l the distance between the 



 20

2 probes, U the voltage difference across the probes, I the current, J the current density, and E 

the electrical field intensity, respectively. 

In an n-type semiconductor, ne, the density of the primary carrier, electrons, is far larger 

than that of the holes, np, so 

 1e eI n qv s J n qv= − × × ⇒ = − , (2-5) 

and 

 v Eμ= , (2-6) 

thus 

 en qσ μ= , (2-7) 

where ne is the carrier concentration, q is the electron charge, μ is the carrier mobility. 

According to the band theory, ne can be represented as follows [1] 

 max

c

( ) ( )d
E

e E
n D E f E E= ∫ , (2-8) 

where D(E) is the density of states in the conduction band, f(E) is the function of carrier 

distribution, Ec and Emax are the energy level of the conduction band bottom and the top. For an 

n-type degenerate semiconductor which is usually heavily doped to reach the optimized carrier 

concentration 19 3~ 10 cmen −  for the highest power factor, ne is evaluated with the equation 

below. 

  ( ) ( ) ( ) ( )
3 2 3 21 2* *

1 23 3

0

4 2 4 2

1 exp
c

c
e E

F

m mE E
n dE F

h hE E
k T

π π
ξ

∞ −
= =

⎛ ⎞−
+ ⎜ ⎟

⎝ ⎠

∫ , (2-9) 

where 

 ( )
1 2

1 2 0 1 x

xF dx
e ξξ

∞

−=
+∫ , (2-10) 

and 

 
0

F cE E
k T

ξ −
= .. (2-11) 

Because the Fermi level is affected by the doping density, temperature, and the material 

composition, the carrier concentration is determined by the material, doping method, and 

temperature. Experimentally, carrier concentration can be measured by the Hall effect 

measurement.  

The experimental setting for measurement of electrical conductivity is shown in Fig. 2-1, 

where the Seebeck coefficient can be measured simultaneously, and 
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 I l
U A

σ ⋅
=

⋅
. (2-12) 

2.1.2 Seebeck coefficient 
As introduced mainly in Chapter 1, the semiconductors should be heavily doped to a 

degenerate state, so that the distribution of carriers obey to the Fermi-Dirac statistics, therefore 

the Seebeck coefficient and the Fermi integral can be defined as 

  (2-13) 

  (2-14) 

where kB is the Boltzmann constant, e is the electronic charge and r is the scattering parameter 

of relaxation time. [3,4] We assumed that carriers are scattered only by acoustic phonons above 

750 K, and r = 0, while below 750 K, carriers are scattered by both polar optical phonons and 

acoustic phonons, and the scattering parameter of relaxation time gradually increases with 

decreasing temperature, to 0.5 at room temperature, and can be assumed to be linearly 

dependent on the temperature for approximation. [2] 

As shown in  

Fig. 2-2 Schematic illustration of the laser-flash method for thermal diffusivity 

measuremen Fig. 2-2, Seebeck coefficient is measured in a steady state, and is defined as 

 sample sample-Pt PtS S S= −  (2-15) 

where Ssample, Ssample-Pt, and SPt are the thermopower of the sample, for the circuit made of the 

sample and Pt probes, and for the Pt probes, respectively. 

From the voltage and temperature differences across the cold and hot terminals, the 

observed value, Ssample-Pt can be defined as 

 
sample-Pt

H C

VS
T T

=
− , (2-16) 

Since the SPt values at varies temperatures are already known, Ssample can be obtained as 

described in (2-13). Practically, the values were sampled 5 times within a temperature 

difference range of 2 ~ 15 K, then a statistic value of Ssample was calculated out.  

The dimensions of the samples which are usually in a rectangular parallelepiped shape are 

about ( ) 34 4 6 8 mm× × ∼ , for better contact between the sample and Pt probe, the surfaces of the 

sample that are in contact with the 4 Pt probes should be sputtered with a thin Au coat. 
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2.1.3 Thermal conductivity 

Thermal conductivityκ  is a measure of the ability of material to conduct the heat, and can 

be represented by the sum of the contribution of phonon transport or crystal lattice 

vibration latticeκ , and that of carrier transport, eleκ for n-type semiconductors, i.e. 

 total lattice eleκ κ κ= + , (2-17) 

and eleκ can be evaluated with the following calculation: 

 ele 0 ,L Tκ σ=  (2-18) 

where L0 is the Lorenz number. Similar to the Hall coefficient and S, the Lorenz number can be 

expressed as follows: 

 

( ) ( ) ( )
( )

22
0 2 1

0 2 2
0

3 4
,B F F FkL

e F
ξ ξ ξ

ξ
⎡ ⎤−

= ⎢ ⎥
⎣ ⎦  (2-19) 

where the Fermi integral values were obtained from the measured S with the use of (2-13) and 

(2-14). 

In the present research, the values of κ were obtained by using the following equation: 

 ,PCκ ρ α= ⋅ ⋅  (2-20) 

where ρ is the volume density of the sample, α is the thermal diffusivity, and PC is the heat 

capacity. 

The density ρ was calculated using the weight and volume simply, and theα was measured 

with a laser-flash method (Fig.2-2) in the temperature range of 300 – 1000 K under a vacuum 

state, and Cp was determined by using a differential scanning calorimetry in air within the same 

temperature range. 

The value of α  can be expressed as  

 

2

2
1 2

1.37 ,da
tπ

=
 (2-21) 

where d is the thickness of the sample, and 1/2t is the half-time of the surface opposing to the 

laser incidence direction to reach the maximum temperature increase maxTΔ  after the 

absorption of heat supplied from the laser source, maxTΔ can be represented as 

 
max

L

P

QT
C dρ

Δ =
, (2-22) 

where LQ is the heat of the sample absorbed from each laser pulse. 
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The samples were cut and polished into a small disk with the dimensions 

of
~ ~1 (thickness) 8 (diameter)mm mm× , because the sample surfaces were all black or deep grey, 

no carbon black was painted. 

The Cp measurement with a differential scanning calorimetry (DSC) used a piece of ~30 

mg sample ( 0.3 (thickness) 4 (diameter)mm mm× ) which was sealed in a set of Al pans, a 

piece of sapphire (26.2 mg) was employed as the reference which has a well-defined heat 

capacity over the range of temperatures to be scanned. During the heating process at a certain 

rate for the cell where the reference and sample are placed separately in a small chamber, the 

DSC system measures the mount of heat taken from or applied to the sample so as to keep it at 

a same temperature as that of the reference, and determines the heat capacity of the sample at 

various temperatures, using the mass of sample. 

2.1.4 Hall effect measurement for carrier concentration and 

mobility 

The Hall effect is a well-known electromagnetic phenomenon, which is widely utilized in 

carrier concentration and mobility measurement. Consider a current (I)-bearing plate-shaped 

conductor perpendicularly exposed to an external magnetic field B, as shown in Fig. 2-3, the 

carriers inside will accumulate aside, due to the Lorentz forces, perpendicularly both to the 

current and the magnetic field, as a result, an electrical potential VH develops across the 

carrier-rich side and the carrier-poor side, which has a relationship with the current I, the 

magnetic field B, the thickness of the plate sample t, and the Hall coefficient RH, as given 

below: 

 
H

H
V tR
I B

=
. (2-23) 

The carrier concentration neand Hall mobility Hallμ of the sample can be evaluated with 

 
H

H
en

e R
γ

=
, (2-24) 

 
Hall

1

een
μ

ρ
=

, (2-25) 

where e is the electronic charge, ρ is the resistance, and Hγ is termed as Hall scattering 

factor or Hall ratio, which is dependent on the carrier scattering nature of the sample. 

And H
3 1.19
8
πγ = ≈  when carriers are scattered predominantly by acoustic phonons, 
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H
315 1.93
512

πγ = ≈ by ionized impurities, and Hγ =1 for highly degenerate semiconductors. [5] For 

approximation, Hγ =1 is often used. 

What should be noted is that the resistance is measured with the same system but without 

the magnetic field applied to the sample, which is in a van der Pauw configuration as shown in 

Fig. 2-3 (left), the resistance can be determined by  

 

( )12,34 23,41

ln 2 2
t R R

fπρ
+

=
, (2-26) 

where f is defined by 

 
( )11 exp(ln 2 / )cosh 1

1 ln 2 2
R f f R
R

−− ⎧ ⎫= >⎨ ⎬+ ⎩ ⎭ , (2-27) 

 

12,34

23,41

R
R

R
=

, (2-28) 

where 12,34R , the ratio of the current from probe 1 to 2 to the induced voltage across 3 and 4, is 

assumed to be larger than 23,41R , the ratio of the current from probe 2 to 3 to the induced voltage 

across 4 to 1. When r = 1,  

 
12,34ln 2

t Rπρ =
. (2-29) 

The case of 2R ≥ can cause the deviation of f over than 5%, so enough care must be paid 

for sample preparation to make it symmetrical in dimensions and homogenous in thickness. 

In this research, Hall effect measurement was done using the system of ResiTest8300 

(Toyo Tech. Co.; Fig. 2-3 (Right)), under vacuum over the temperature range of 300 – 1000 K. 

The plate-shaped sample should be cut and polished carefully to a dimension 

of10( ) 10( ) 80( )mm mm mμ× × , and need to be sputtered with Au before the measurement for better 

contact between the sample surface and the probes; The Au-coated portion in yellow of the 

plate sample is shown in Fig. 2-3 (left), as described as a van der Pauw configuration. 

2.2 Calculation of carrier effective mass 

The carrier effective mass *
dm is essentially governed by the dependence of energy on the 

wave number k of the carrier near the conduction band bottom, as given by  

 

12
* 2

2d
d Em
dk

−
⎛ ⎞

= ⎜ ⎟
⎝ ⎠ , (2-30) 
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where
2
h
π

= is the reduced Plank constant. [1] Experimentally, using the observed Seebeck 

coefficient S, carrier concentration ne, and the carrier scattering factor r, the value of *
dm can be 

estimated with the following equations: [3,4] 

 

( ) ( )
( ) ( )

12
1

rB

r

r FkS
e r F

ξ
ξ

ξ
+⎡ ⎤+

= − −⎢ ⎥+⎣ ⎦ , (2-31) 

 ( )

2 3
2

*

1 22 4
e

d
B

nhm
k T Fπ ξ
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= ⎢ ⎥

⎢ ⎥⎣ ⎦ , (2-32) 

 0
( )

1 exp( )
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xF dx

x
ξ

ξ
∞

=
+ −∫

, (2-33) 

where h is the Plank constant, kB is the Boltzmann constant, and ξ is the chemical potential. 

The calculation of *
dm was done with the program Mathematica 5.0(WOLFRAM 

RESEARCH), using the observed Seebeck coefficient S, carrier concentration ne and the carrier 

scattering factor r, which has been discussed in 2.1.2 for its value, as shown in Fig. 2-4. First, a 

calculated reduced Fermi energy level or chemical potentialξ was obtained in equation (3) to 

equalize the calculated S to the observed S; Second, apply theξ in equation (2) to give the Fermi 

integral value; Finally, define the ne and temperature in equation (1) and the modify the data of 

effective mass ( *m /m0) to equalize the result ofξ to that obtained in equation (2). 

2.3 Phase composition and structural analysis 

The phase composition and structural features were based on the X-ray diffraction 

measurement. For the former, samples were ground carefully into fine powder (grain size: less 

than 5μm), and then were pressed into the shallow sample holder made of glass, evenly and 

gently, with another piece of glass sample holder. XRD measurement was conducted on a 2.5 

kW (50 kV, 50 mA) Rint2100 diffractometer (Rigaku Co. Japan), the main parameters of 

measurement conditions were set as: 30 kV, 40 mA;  

For structural analysis based on Rietveld refinement, XRD patterns are rather finely 

collected, the measurement conditions are described in Chapter 3. 
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Table 5-1 Conditions of XRD measurement for phase composition analysis 

Diffractometer Target material Voltage(kV) Current (mA) Power (kW) 

Rigaku 2100 Cu(K ; 1.5418α λ = Å) 40 30 1.2 
Scan mode Scan range Scan type Scan step Scan time 

2θ θ  10-100˚ Continuous 0.02 10 s 
Divergence slit Scattering slit Receiving 

slit 
Unit Counter-monochr

omator 
1/2˚ 1/2˚ 0.15 mm Counts per 

second 
Fully automatic 

  

Fig. 2-1 Schematic illustration of the experimental setting for electrical 

conductivity (a DC 4-probe method) and Seebeck coefficient (a steady method) 

measurement. 

  

Fig. 2-2 Schematic illustration of the laser-flash method for thermal diffusivity 

measurement. 
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Fig. 2-3 Schematic illustration for Hall effect (left), and photographs of the 

measuring system (right) and the sample holder (bottom-right). 

 

 

 

 
 

 

Fig. 2-4 Calculation process of *
dm using program Mathematica 5.0 
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Chapter 3 Rietveld refinement for crystal 
structure 

Rietveld refinement is a powerful technique to obtain the detailed quantitative information 

for crystal structure from an X-ray and/or neutron powder diffraction pattern, and the program 

Rietan2000 was used in the present research. In this chapter, the Rietveld refinement method is 

introduced, and the Rietveld results of the Nb- and RE (rare earth; RE = La, Nd, Sm, and 

Gd)-doped Ruddlesden-Popper phase SrO(SrTiO3)n (n = 1, 2) are discussed to clarify the 

doping effect on different site with various dopants. 

3.1 Rietveld refinement 

3.1.1 Fundamental 

(1) Functions of Rietveld refinement 

Rietveld refinement technique is a powerful tool in the filed of material science and 

engineering. By refinement to minimize the difference between an experimental pattern 

(observed data) and a model based on the hypothesized crystal structure and instrumental 

parameters (calculated pattern), Rietveld analysis can derive many refined information about 

one or more crystal structures in the specimen composition, enable the researchers to 

 confirm/disprove a hypothetical crystal structure; 

 refine lattice parameters for the crystal structures; 

 get the refined atomic positions, fractional occupancy, and thermal parameter, which 

can be very helpful in determining the preferential or selective occupation of different 

atoms in a same site and can be used to calculate some particular parameters such as 

bond lengths and bond angles; 

 reveal the information about a single sample on the preferred orientation, which is 

very important for non-isotropic crystal structures; 

 obtain information about a multiphase sample, e.g. the relative amounts of each phase. 

Nowadays, there are a lot of software for Rietveld analysis, e.g. GSAS + ExpGUI, Fullprof, 

Rietica, PSSP (polymers), Maud and PowderCell. In the present research, program Rietan2000 

Version 1.4 was used (Fig.3-1). 

As the data for Rietveld analysis, the X-ray and/or neutron diffraction pattern should be 
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collected more carefully and finely, so as to assure enough high quality of the patterns.  

(2) XRD data collection 

Usually in the case of XRD refinement, the maximum intensity in counts for the strongest 

peaks in the XRD pattern should be no less than 10,000, experientially, so that the minor peaks 

can also be clearly observed and the noise can be minimized as far as possible; 

In the aspects of specimen preparation, special care should be taken to grind the sample 

fine enough to several micrometers in grain size, to diminish the potential preferential crystal 

orientation and increase the repeatability and during being placed  

3.1.2 Requirements for Rietveld analysis 

Beside the high quality XRD patterns of the sample, the following must be supplied for 

Rietveld analysis: 

 A reference XRD pattern of a standard powder (e.g. Si) collected on the same 

diffractometer for the sample is required to refine the shift parameters, which are 

linked to the diffractometer nature; 

 A structure model that makes physical and chemical sense. The model defines the 

basic structural factors including the space group, initial lattice parameters, atomic 

coordinates, and etc. This information can be obtained from the Inorganic Crystal 

Structure Database, e.g. by using the program “Findit” issued by the National Institute 

of Standards and Technology (NIST, US) and Fachinformationszentrum Karlsruhe 

(FIZ). 

 Suitable peak and background functions. Many software supplies the selection of 

different fitting functions for peak and background for users; 

 Constrains for the atom occupancy, atom position, and etc. 

3.1.3 Evaluation of Rietveld analysis 

The goodness of fitting for Rietveld analysis means the consistency between the calculated 

pattern and observed pattern, and is usually evaluated with the indices of Rwp, Rexp, Rp and S, [1] 

which are generated automatically by the software after each run of refinement, as can be seen 

in the bottom-right corner of Fig.3-2. The smaller indices mean the better agreement and the 

higher reliability.  

  [ ]
1

2
2 2

wp obs calc obs(2 ) (2 ) (2 ) (%)i i i i i
i i

R w y y w yθ θ θ⎧ ⎫
= −⎨ ⎬

⎩ ⎭
∑ ∑ , (3-1) 
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2

exp (2 ) (%)i i
i

R N P w y θ⎡ ⎤
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⎣ ⎦
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 wp expS R R= , (3-4)  

where 

(2 )iy θ : Diffraction intensity at 2θ 　 

wi: 
The statistic weight ( )obs1 (2 )iy θ  

N: The number of total points of the data 

P: The number of parameters being refined 

3.2 Rietveld analysis for RP phases 

RP phase Srn+1TinO3n+1 or SrO(SrTiO3)n can be regarded as an alternative integration of 

perovskite-type (SrTiO3)n slabs and NaCl-type SrO layers along the c-axis, n is the number of 

SrTiO3 layers where the TiO6 octahedra are connected by corner-sharing in the ab plane. For n 

= 1, the structure is of the tetragonal K2NiF4 type (space group, I4/mmm) and can be regarded as 

the alternative stacking of perovskite SrTiO3 layers and SrO rock-salt-type layers. For n = 2, the 

space group is tetragonal I4/mmm, and two perovskite layers are interleaved with SrO layers. If 

n is infinity, the compound is cubic perovskite-type SrTiO3 (space group, Pm3 m ), where each 

TiO6 regular octahedron shares its corner three dimensionally. Only the first 2 members have 

been experimentally proved to be stable. 

By comparison of the Sr sites in RP compounds, one can find that (1) For n =1 RP 

compound, the coordination number, CN = 9, and (2) for n = 2 phase, Sr sites are 12-coordinate 

and/or 9-coordinate, with a ration of 1:2, located in the perovskite layers and the SrO layers, 

respectively. And the CN in cubic SrTiO3 is 12. 

Another characteristic difference of the TiO6 octahedra in RP phases from those in SrTiO3 

is the distorted symmetry, as shown in Fig.1-10(a), Chapter 1. There are two different Ti–O 
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bonds in n = 1 SrO(SrTiO3): 4 shorter Ti–O(1) bonds in the ab plane and 2 longer Ti–O(2) along 

the c axis. While n = 2 SrO(SrTiO3)2 has three different Ti–O bonds, and the Ti ion is situated 

slightly above the O(3) ions along the c axis. As a result, the Ti–O(3) layers are not flat, but a 

little corrugated. Contrastingly, the TiO6 octahedra in SrTiO3 are ideally symmetrical, with 3 

unique Ti-O bonds and a straight bond angle of O-Ti-O in plane (100). 

3.2.1 Room temperature Rietveld refinement results 

(1 ) Experimental 
XRD measurement 
The sample powders of hot-pressed bulk ceramics with target compositions were first 

polished to remove any carbon covers on the surface, and then were thoroughly ground using a 

set of mortar and pestle to fine power with grain size 1~4 mμ . Using a piece of sheet-glass, 

gently press the appropriate fine powder into a glass powder sample holder for XRD 

measurement. 

Refine the Si (PDF#27-1402; Space group: A-227) standard patterns using a fixed a = 

5.43088 Å to get the minimized Rwp and S, and the shift parameters. Then the XRD pattern for a 

sample is refined with the derived shift parameters fixed. 

The measurement conditions at room temperature (RT) were set as listed in Table 3-1 for 

the XRD diffractometer (Rigaku 2100, Rigaku Co., Japan). 

 

Table 3-1 Conditions of XRD measurement for Rietveld analysis (RT). 

X-ray diffractometer Target material Voltage 
(kV)

Current (mA) Power (kW)

Rigaku 2100 Cu (Kα, λ=1.5418 Å) 40 30 1.2 

Scan mode Scan range Scan type Scan step Scan time 

2θ θ  
10-100˚ FT 0.02˚ 10 s 

Divergence slit Scattering slit Receiving slit Counter-monochromator 

1/2˚ 1/2˚ 0.15 mm Fully automatic 

 

Rietveld refinement 
For all RP samples, the Rietveld refinements were based on the space group of I4/mmm 
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(No. A-139). In the cases of doped compounds, the atom positions of dopant cation were 

constrained depending on the site they were supposed to occupy. For example, in 

Ti-site-Nb-doped Sr2TiO4 (i.e., n = 1; Sr2Ti1-xNbxO4) and/or Sr3Ti2O7 (i.e. n = 2; 

Sr3(Ti1-xNbx)2O7), since there is only one coordination state of Ti in the crystal structure, the 

position of Ti and Nb are of the same in the rectangular coordinate system, no constrain is 

necessary, as well as the case of  RE atoms in RE-doped Sr2TiO4. On the other hand, for 

Sr-site-RE-doped compounds (Sr1-xREx)3Ti2O7, there are two kinds of Sr-sites with different 

coordinate states (CN = 9 and 12, respectively, for those in the Sr-sites in SrO layers and 

(SrTiO3)2 slabs), as shown in Fig.3-3, and moreover, the position for Sr and/or RE are variables 

to be refined. In order to reveal the preferential occupancy of RE atoms at the 2 Sr-sites, 

constrains are necessary to define the relative change of RE atom positions to Sr atoms and to 

make the occupancies variable for each run of refinement. Besides, the positions for dopant 

atoms in the XYZ-coordinates for the RP compounds with n = 1 and 2 should be also constrained 

for the Program Rietan2000. Constrains for both the site occupancy and the atom positions are 

defined as in Table 3-2. 

(2) Calculation for structure features 
The lattice parameters, a, c and V, for the crystal structures of SrO(SrTiO3)n (n = 1, 2) were 

obtained directly from the refined result of Rietveld refinement, while the bond lengths of Ti-O, 

the bond angle (O-Ti-O in the (100) plane) and the Ti-Ti distance in [110] direction need to be 

calculated geometrically. 

Here define the coordinates of an atom A as XA, YA, and ZA along the X, Y and Z axes, e.g. 

XSr1 is the coordinate for the 12-coordinate Sr atom in Sr3Ti2O7. The follows are the detailed 

calculation methods for the relevant parameters of n = 1 and 2 RP phases. 

For n = 1 RP compound 
The crystal structure of Sr2TiO4 was refined based on a tetragonal system with the space 

group I4/mmm (No. A-139). The crystal structure is shown in Fig.3-4, and we can derive 

Ti-O(1) Ti O(1)d X X a= − ⋅ , (3-5) 

Ti-O(2) Ti O(2)d Z Z c= − ⋅ , (3-6) 

Ti-Ti 2d a= , (3-7) 

and O(1)-Ti-O(1) along [101] in the plane (100) is 180˚. 
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Table 3-2 Constrains for site occupancy in n = 2 RP compound doped with RE. 

 

Srn+1TinO3n+1 T-site-Nb-doping Sr-site-RE-doping 

Sr2TiO4 

(Nb)
(Ti) 1

( : Doping proportion)

A x
A x
x

=
= −

 

(RE)
(Sr) 1 ( : Doping proportion)

A x
A x x

=
= −

 

( , ) (Sr, )A RE z A z=  

( 2, ) (Sr2, )A RE z A z=  
(RE1)=1 (Sr1)A A−  

(Sr1)(RE2)= 0.425
2

AA −  

(Sr1)(Sr2)=1.425
2

AA −  

 
 
 

(5%-doped) 

Sr3Ti2O7 

 

(Nb)
(Ti) 1

( : Doping proportion)

A x
A x
x

=
= −

 
(Nb, ) (Ti, )A z A z=  

( 2, ) (Sr2, )A RE z A z=  
(RE1)=1 (Sr1)A A−  

(Sr1)(RE2)= 0.35
2

AA −  

(Sr1)(Sr2)=1.35
2

AA −  

 
 

(10%-doped) 
 
 

A(Nb), A(Nb,z) 
The occupancy, and the z-coordinate of Nb at the Ti-site in n =1 and/or 
2 compound; 
A(Ti), A(Ti,z) 
The occupancy, and the z-coordinate of Ti at the Ti-site in n =1 and/or 2 
compound; 
A(RE), A(RE,z) 
The occupancy, and the z-coordinate of RE at the Sr-site in n =1 
compound; 
A(Sr), A(Sr,Z) 
The occupancy, and the z-coordinate of Sr at the Sr-site in n =1 
compound; 
A(RE1), A(RE1,z) 
The occupancy, and z-coordinate of RE atoms at 12-coordinate Sr-site 
in n = 2 RP compound; 
A(RE2), A(RE2,z) 
The occupancy, and z-coordinate of RE atoms at 9-coordinate Sr-site 
in n = 2 RP compound; 
A(Sr1), A(Sr1,z) 
The occupancy, and z-coordinate of Sr atoms at 12-coordinate Sr-site 
in n = 2 RP compound; 
A(Sr2), A(Sr2,z) 
The occupancy, and z-coordinate of Sr atoms at 9-coordinate Sr-site in 
n = 2 RP compound; 

Note: 
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For n = 2 RP compound 
The crystal structure of Sr3Ti2O7 was also refined based on a tetragonal system with the 

space group I4/mmm (no. A-139). The crystal structure is shown in Fig.3-3, and we can obtain 

 Ti-O(1) Ti O(1)d Z Z c= − ⋅ , (3-8) 

 Ti-O(2) Ti O(2)d Z Z c= − ⋅ , (3-9) 

 ( ) ( )
2 2

Ti-O(3) Ti O(3)2
ad Z Z c⎡ ⎤= + − ⋅⎣ ⎦ , (3-10) 

and the bond angle O(3)-Ti-O(3) along [101] in the plane (100) was calculated with 

 ( ) ( )Ti O(3)
180O(3)-Ti-O(3) 2arctan 2a Z Z
π

∠ = − ⋅ . (3-11) 

(3) Results and discussion 
Un-doped RP compounds 
Plots for the Rietveld results for the two compounds are shown in Fig.3-5, the resultant 

induces of Rwp are ~10%, and S ~1.6. As no impurity peaks in the whole 2theta range scanned 

could be found, the two samples were considered as single phase. 

The derived crystallographic data are summarized in Table 3-3 and Table 3-4. 

Doped RP phases 
Both the Ti-site-Nb (x = 0.05 ~ 0.2)-doped Srn+1(Ti1-xNbx)nO3n+1 and the Sr-site-RE(x = 

0.05, 0.1)-doped (Sr1-xREx)3n+1TinO3n+1 RP compounds, were revealed that: In the n = 1 

compound, some impurity peaks of n = 2 phase were observed, although very weak; While in 

the n = 2 compound, no impurity peaks were found, suggesting the n = 2 compound is the most 

stable phase among the RP members, as proven by a reported theoretical research and 

experimental result that the single phase of compounds with n larger than 2 were very difficult 

to synthesize. 

Structural features in n = 1 RP compounds 
It can be seen in Fig.3-8 that lattice constant a increased with the increasing doping level 

of Nb at Ti-site in n = 1 RP compound, this can be considered due to the large size of Nb5+ than 

Ti4+, while the parameter c was found to decrease gradually with Nb-doping proportion, due to 

the contraction of Ti-(2) bond length along the c-axis (Fig.3-8(a)), and as a result, the crystal 

cell preferentially expanded in the direction of a or b axis. However, the lattice volume was 

observed to increase with Nb content x. 

While in case of RE-doping, which only 5%-doping was successfully realized to get a 
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single phase, the lattice parameters (a, c, and V) in Nd-doped compound were relatively smaller 

than those of Nb-doped (5%) and even the un-doped Sr2TiO4 compounds, while in 5%La-dope 

case, those parameters were all fairly larger than the un-doped compound, which might be 

caused by the fact the raius of La3+ and Nd3+ are smaller than Sr2+ (CN = 9) but La3+ is relatively 

bigger than Nd3+, and a similar structural result has been reported in (Sr0.95La0.5)n+1TinO3n+1 (n = 

1, 2). [3] 

 

Table 3-3 Lattice parameters derived from Rietveld analysis for Sr2TiO4, 

SrO(SrTi1-xNbxO3) (x=0.05-0.2) and (Sr1-xREx)2TiO4 (x=0.05) (SG I4/mmm; No. 139). 

Lattice parameters 
Composition a c V Ti-O(1) Ti-O(2) dTi-Ti ∠O-Ti-O

Sr2TiO4 3.8834 12.5896 189.847 1.9417  1.9715 5.4920 

Sr2Ti0.95Nb0.05O4 3.8908 12.583 190.462 1.9454 1.9617 5.5126 

Sr2Ti0.9Nb0.1O4 3.8985 12.5772 191.125 1.9493 1.9532 5.5133 

Sr2Ti0.8Nb0.2O4 3.9086 12.5528 191.742 1.9543 1.9256 5.5276 

(Sr0.95La0.05)2TiO4 3.8889 12.5824 190.290 1.9445 1.9980 5.4997 

(Sr0.95Nd0.05)2TiO4 3.8803 12.5733 189.313 1.9402 1.9778 5.4876 

180 

 

As can be seen in Fig.3-9, the Ti-O(1) bond length expanded with the crease of x, in 

Ti-site-Nb-doped Sr2TiO4, but contrastingly, that of Ti-O(2) contracted, suggesting the 

expansion of the crytal in the c direction. Relatively, the RE-doped compounds had a more 

effective effect on expanding the Ti-O(2), while having a close Ti-O(1) length, which suggested 

the preferential expansion of the crystal cell in the direction of c-axis, which is believed to be a 

critical difference in the structural effect between Ti-site-Nb- and Sr-site-RE-doping.  

In summary, the crystal structure of Sr2TiO4, the first member of RP phase, is of a 

tetragonal symmetry, most important, the structure of TiO6 is not regularly symmetrical but 

deformed, with 2 Ti-O bond lengths, although the O(1)-Ti-O(1) bond angle is 180˚. The doping 
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of Nb at Ti-site caused the expansion of lattice parameter a, but the contraction of c at the same 

time, leading to a preferential expansion in the direction of a and/or b-axis, i.e. [011] and/or 

[101], as a result of increase in Ti-O(1) and decrease in Ti-O(2) with the doping level. On the 

other hand, although Sr-site-La-doping led to relatively longer a and c than those in the 

un-doped Sr2TiO4 compound, Nd-doping caused a contraction both in a and c, and the 

preferential expansion occurred in the c-axis direction. 

 

Table 3-4 Crystallographic data for Sr2TiO4, SrO(SrTi1-xNbxO3) (x=0.05-0.2) and 

(Sr1-xREx)2TiO4 (x=0.05) (SG I4/mmm; No. 139). 

 

Structural features in n = 2 RP compounds 
The structural features in n = 2 RP compounds were summarized based on un-doped and 

doped compounds. The derived crystallographic data for Ti-site-Nb- and Sr-site-RE(RE: La, Nd, 

Sm and Gd)-doped Sr3Ti2O7 were list in Table 3-5. 

The results show that with the increasing doping proportion x of Nb at Ti-site, both the 

lattice parametes of a and c increased gradually, as well as the lattice volume (Fig.3-11(a)). 

While the bond lengths of Ti-O(1) and Ti-O(3) were calculated using the Rietveld refinement 

data, and were found to be unequal also, and increased slightly with x in the x = 0 ~ 0.2 range, 

except that Ti-O(2) had a contraction trend, suggesting a preferential expansion in the a-axis 

Atoms 
Position x y z 

Sr 4e 0 0 0.3543(7) 
    0.3543a 
    0.3536(9)b 
    0.3540(3)c 
    0.3545(2)d 
    0.3546(6)e 
Ti 2a 0 0 0 
O(1) 4c 0 0.5 0 
O(2) 4e 0 0 0.1566(2) 
    0.1559(6)a 
    0.1553(8)b 
    0.1534(2)c 
    0.1588(6)d 
    0.1573(8)e 
Rwp (%) RI (%) RF (%) S  
10.11 2.79 2.49 1.52 Un-doped 
10.76 2.34 2.04 1.73 a: 5%Nb-doped 
11.81 3.99 2.73 1.62 b: 10%Nb-doped 
10.88 3.54 2.56 1.74 c: 20%Nb-doped 
13.14 5.18  3.58 2.22 d: 5%La-doped 
12.28 3.49  2.06 1.37 e: 5%Nd-doped 
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direction, which is similar to the case of n = 1 RP compound SrTiO4, as shown in Fig.3-12(a). 

These structural modifications should be caused by the substitution of larger-sized Nb5+ (64 

pm) for the smaller-sized Ti4+ (60.5 pm). As a result, the Ti-Ti distance along [110] also 

increased gradually with the doping amount of Nb, as shown in Fig.3-11(b). 
 
Table 3-5 Crystallographic data for Sr3Ti2O7, SrO(SrTi1-xNbxO3)2 (x=0.05-0.2) and 

(Sr1-xREx)3Ti2O7 (x=0.05, 0.01) (SG I4/mmm; No. 139). 

Atom    Position    x y  z  
 Sr(1)  4e    0.5   0.5    0   
 Sr(2)    2b    0.5   0.5   0.1848(4)   
       0.1855(6)a   
        0.1857(3)b   
        0.1863(7)c   
    0.1853 I 
    0.1848(6) II 
    0.1859 III 
    0.1850 IV 
    0.1847V 
    0.1853VI 

 Ti    4e    0   0   0.0989(3)   
        0.0988(8)a   
        0.0989(9)b   
        0.0984c   
    0.0987I 
    0.0992(4)II 
    0.0991(7)III 
    0.0984(9)IV 
    0.0989V 
    0.0983VI 

O(1) 2a 0 0.5 0 
O(2) 4e   0   0   0.1909(6)   
        0.1908(9)a   
        0.1899(1)b   
        0.1860c   
    0.1923I 
    0.1940(6)II 
    0.1888(6)III 
    0.1872IV 
    0.1945V 
    0.1927VI 
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 O (3)    8g    0   0   0.0957(8)   
        0.0957(7)a   
        0.0965(7)b   
        0.0966(3)c   
    0.0975I 
    0.0972II 
    0.0961(8)III 
    0.0970(6)IV 
    0.0980V 
    0.0973VI 

 Rwp (%)  S (%)    Doping 
10.67   1.63  Un-doped 
11.98a   1.79 a SrO(SrTi0.95Nb0.05O3)2 
10.60b   1.66 b SrO(SrTi0.9Nb0.1O3)2 
11.04c   1.74 c SrO(SrTi0.8Nb0.2O3)2 
14.05 1.79 I (Sr0.95La0.05)3Ti2O7 

13.35 1.75 II (Sr0.9La0.1)3Ti2O7 

11.63 1.87 III (Sr0.95Nd0.05)3Ti2O7 

15.69 1.33 IV (Sr0.9Nd0.1)3Ti2O7 

11.03 1.79 V (Sr0.95Sm0.05)3Ti2O7 

11.57 1.76 VI (Sr0.95Gd0.05)3Ti2O7 

 

The bond angles of O(3)-Ti-O(3) in Sr3Ti2O7, undoped and Nb-doped were geometrically 

calculated and plotted in Fig.3-12. It shows that the bond angle increase a little with the x, 

might due to the preferential expansion in a-axis direction. It is a favorable effect for the 

structural restoration of the inherently distorted TiO6 in Sr3Ti2O7, since it would cause the 

improvement of local symmetry to diminish the crystal field splitting, which has been discussed 

in Chapter 1. However, the doping level x is limited, and x = 0.2 was testified to be the upper 

limit for Nb-doping in Sr3Ti2O7, although in perovskite-type SrTiO3, the doping level is much 

higher to 40% for Nb, which is maybe due to a much higer structural tolerance factor t of the 

perovskite-type ABO3 compound: [4] 

 ( )
( )

O

O2
A

B

r r
t

r r
+

=
+

 (3-12) 

where rA, rB, and rO are the ionic radii of the 12-fold and 6-fold anion coordinate atoms A and B, 

and of oxygen anion. Because the n = 1 and 2 RP phases contain 9-coordinate A cations in the 

perovskite unit, leading to a much lower t which causes a decreased structural stability and a 

lower doping level consequently.  



 40

Although the bond angle becomes closer to 180˚, which is the state responding to the ideal 

symmetry of TiO6 octahedra, when doping Sr3Ti2O7 at a high level x over 0.20, the local 

symmetry of TiO6 octahedra is not effectively improved, due to the increasing difference of 

Ti-O(1, 2, 3) bond lengths. 

RE-doped Sr3Ti2O7 included La- and Nd-doped (5% and 10%) and Sm- and Gd (5%) 

compounds, here only the 5%RE-doped samples were discussed about their structural features 

and differences from those of Ti-site-Nb-doped Sr3Ti2O7. 

As described in Chapter 1, there are 2 different Sr-sites in Sr3Ti2O7, with CN = 12 and 9, 

for the sites in perovskite-type slabs and those in the NaCl-type layers, respectively. The 

Rietveld refinement showed that the RE3+, whose radii are smaller than that of Sr2+ both in 9 

and 12-coordinate states, occupied preferentially the CN = 9 Sr-site, which is similar to many 

previous reports. [2] This preferential occupation of RE should be relevant to the structural 

features, i.e. the lattice parameters and the local symmetry of TiO6 octahedra.  

The lattice parameter a increased with the size of dopant cation, which can be well 

self-explained, and are overall longer than that of un-doped Sr3Ti2O7, which should be due to 

the formation of Ti3+ from Ti4+, expanding preferentially in the a-axis direction. The c axis, 

although shorter than that of un-doped Sr3Ti2O7, expanded gradually with the increasing RE 

radii, which is considered as the result of their smaller sizes than that of Sr2+ (131pm; CN = 9). 

The lattice volume V was observed to increase with the increase in RE radii. The lattice 

parameters dependence on the dopant cation’s radii is shown in Fig.3-13. 

The local structure of TiO6 octahedra was also investigated, with respect to the lengths of 

Ti-O(1, 2, 3)bonds, Ti-Ti distance along [110], and the O(3)-Ti-O(3) bond angle, which is 

shown in Fig.3-14. 

The three bond lengths of Ti-O(1), Ti-O(2), and Ti-O(3) are different as well, and similar 

to the Nb-doped compounds, Ti-O(1) and Ti-O(3) showed a slight expansion with RE radii, 

while Ti-O(2) was found to contract contrastingly. As seen in Fig.3-14, the Ti-O bond lengths 

tended to become similar when the RE3+ decreased, which partially improved the symmetry of 

TiO6 octahedra. Moreover, the bond angle of O(3)-Ti-O(3), which is a criterion for the 

evaluation of the TiO6 octahedra, was found to be generally larger than Nb-doped and undoped 

Sr3Ti2O7, and the angle increased when the RE3+ became smaller.  

With the increasing accordance of the Ti-O bond lengths and the increased O(3)-Ti-O(3) 

bond angle, the local symmetry of the TiO6 octahedra in Sr3Ti2O7 were effectively improved by 

smaller RE3+-doping, which is amazing and quite different from the behavior in Nb-doping case, 

and would have a favorable effect on enhancing the density of states near the conduction band 
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bottom, as a result of diminished crystal field splitting. 

(4) Conclusion 
The first two members of RP phases, SrO(SrTiO3)n (n =1, 2) were investigated with 

respect to the lattice parameters (a, c, and V) and the local symmetry of TiO6 octahedra inside, 

both for un-doped, and for Ti-site-Nb- and/or Sr-site-RE (RE: La, Nd, Sm, and Gd)-doped 

compounds. These compounds have a perovskite-type layered structure with a space group: 

I4/mmm (No. A-139). When doped with Nb, whose ionic radius is larger than that of Ti4+, the 

lattice parameters (a, c, and V) increase with doping level x from 0.05 to 0.20, accompanied 

with a preferential expansion in the a-axis direction. However, the 3 Ti-O(1, 2, 3) bond lengths, 

still unequal, tend to further differ at higher x; Besides, the O(3)-Ti-O(3) bond angle increases 

with the doping level x of Nb. Thus the local symmetry of TiO6 octahedra can not be effectively 

improved. 

On the other hand, when doped with RE of varied radii which are all smaller than that of 

6-fold coordinate Sr2+, a preferential occupation of RE3+ at the CN = 6 Sr2+ site was observed, 

which should be responsible for the special structural features. The lattice parameters (a, c, and 

V) all increase with the RE3+ radii gradually, with a preferential expansion in the c-axis. The 3 

Ti-O(1, 2, 3) bond lengths are also different that Ti-O(1, 3) increased slightly with RE3+ radii, 

while Ti-O(2) contracted a little, in another word, higher accordance of the three Ti-O bond 

lengths can be derived by smaller RE3+-doping. Moreover, the O(3)-Ti-O(3) bond angles in 

(100) plane in TiO6 octahedra, are generally larger than those in Nb-doped samples, and 

decrease gradually with RE3+ radii. Therefore, by doping smaller RE3+ at the Sr-sites, an 

improvement of the local symmetry of TiO6 can be effectively achieved, which should be 

responsible for and favorable to the significant enhancement of the Seebeck coefficient S in 

RE-doped Sr3Ti2O7. 

3.2.2 High temperature Rietveld refinement results 

(1) Experimental 
The high temperature (HT) X-ray diffraction (XRD) measurement was done for three 

Sr3Ti2O7 powder samples, i.e. an un-doped, a 10%Nb-doped, and a 5%RE-doped Sr3Ti2O7 

compound. The undoped sample and the doped samples were prepared as described previously. 

The HT-XRD measurements were conducted on a 9 kW (45 kV, 200mA) Rigaku SmartLab 

diffractometer using a plate Cu sample holder (Fig.3-15) in a N2 flow over a 2theta range 

10-120˚. The measuring condition is list below: 
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Table 3-6 Condition for HT-XRD measurement on Rigaku SmartLab. 

Scan speed  1.0 deg/min 
Scan step  0.02 deg 
Duration at every scan step 1.2 second 

Temperature control  
Elevation of temperature 20 K/min 
hold before scan approx.10min 
Under N2 flow 100ml/min 

The sample temperature was calibrated by a comparison of the lattice constant for Si, as 

shown in Fig.3-16. The data for the standard Si powder at a control temperature in the range 

of RT – 1000 K was observed relatively smaller than the data shifted from NIST original data, 

suggesting that the real temperature should be somewhat lower than the control temperature. 

For example, the control temperature 1000 K corresponds to a real temperature of 850 K, and 

900 K to 790 K.  

(2) Results and discussion 
Un-doped Sr3Ti2O7 
The lattice parameters (a, c, and V) increase almost linearly with the increasing 

temperature, as seen in Fig.3-17(a). The Ti-O(1, 2, 3) bond expanded gradually, more important, 

the O(3)-Ti-O(3) bond angle was observed to keep constant at ~177˚ over RT to 1000 K, as 

shown in Fig.3-17(b), suggesting the local symmetry of TiO6 octahedra couldn’t be improved 

by increasing the temperature. 

Nb- and RE-doped Sr3Ti2O7 
The lattice parameters (a, c, and V) increased gradually with temperature, both in 10%Nb- 

and 5%RE (RE: La, Sm)-doped Sr3Ti2O7 due to the thermal expansion, as shown in Fig.3-17(a), 

similar to the un-doped compound. The values of Nb-doped compound are all relatively larger 

than those of 5%RE(RE: La, Sm)-doped compounds, because of the larger radius of Nb5+ than 

Ti4+ and the smaller radii of RE3+(RE: La, Sm) than Sr2+. 

However, the O(3)-Ti-O(3) bond angle showed different behavior in the undoped, 

Nb-doped, and RE-doped Sr3Ti2O7, as given in Fig.3-18(b): in the un-doped compound, the 

band angle kept at a constant value of ~ 177˚ over the whole temperature range; while in 

Nb-doped one, the angle decreased gradually with temperature, and contrastingly, the band 

angle increased at different rate relating to dopant, and reach ~180˚ at ~800 K, strongly 
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indicating the difference in structural change with temperature of local symmetry of the TiO6 

octahedra. 

(3) Conclusion 
In the temperature range of RT ~ 1000 K, the structural features of the n = 2 compound, 

Sr3Ti2O7, both un-doped and Ti-site-Nb- and Sr-site-RE(RE: La, Sm)-doped, were investigated 

with a method of Rietveld analysis at high temperatures (RT – 1000 K). The result showed a 

similar thermal expansion in the lattice parameters a, c, and V in these compounds; Moreover, 

the O(3)-Ti-O(3) bond angle behaved differently: 

In un-doped Sr3Ti2O7, the angle kept at a constant state (~177˚) over the whole 

temperature range; 

In Ti-site-Nb-doped Sr3Ti2O7, the bond angle decreased gradually with temperature; 

In Sr-site-RE(La, Sm)-doped Sr3Ti2O7, the O(3)-Ti-O(3) bond angles were found to 

increase with temperature, reaching 180˚ at ~800 K. 

These results suggest that at elevated temperatures, RE-doping at Sr2+-site is effective in 

the structural restoration for the inherently distorted TiO6 due to the enlargement of 

O(3)-Ti-O(3) bond angle with temperature, especially when the RE3+ is smaller, e.g. Sm3+ and 

Gd. This improvement of the local symmetry of TiO6 octahedra should be responsible for the 

enhancement of the density of states near the conduction band bottom consist of Ti 3d to give a 

rise to the effective mass, and consequently the Seebeck coefficient S, as described in Chapter 4, 

5. 
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Fig.3-1 Rietveld analysis Software: Rietan2000. The program CRietan2000 is the 
user interface. 

 

 

 

 

Fig.3-2 Main window of Rietan2000. 
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Fig.3-3 Schematic illustrations of (a) A clino view of Sr3Ti2O7 crystal structure, 
which contains 2 kinds of Sr-sites (Sr1 and Sr2, with a CN of 12 and 9, respectively) 
and 3 kinds of O-sites, (b) the geometrical configuration of the TiO6 octahedra, and (c) 
the Ti-Ti distance along [110] direction. 

 

Fig.3-4 Schematic illustrations of (a) A clino view of Sr2TiO4 crystal structure, (b) 
the geometrical configuration of the TiO6 octahedra, and (c) the Ti-Ti distance along 
[110]. 
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Fig.3-5 Plots of the Rietveld analysis for (a) n = 1, and (b) n = 2 un-doped RP 
compounds. The “+” points are the observed data, the green lines are the calculated 
curves, the blue lines at the bottom are the difference between the two above data, 
and the vertical lines mediate are the peak positions for the respective crystal 
structure. 
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Fig.3-6 Plot of Rietveld refinement result for 5%La-doped Sr2TiO4 (i.e. n = 1). The 
“+” points are the observed data, the green line is the calculated curves, the blue line 
at the bottom is the difference between the two above data, and the vertical lines 
mediate are the peak positions for the respective crystal structure.  

 
 

 

Fig.3-7 Plot of Rietveld refinement result for 5%La-doped Sr2TiO4 (i.e. n = 1). The 
“+” points are the observed data, the green line is the calculated curves, the blue line 
at the bottom is the difference between the two above data, and the vertical lines 
mediate are the peak positions for the respective crystal structure. 
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Fig.3-8 Dependences of lattice parameters, a, c, and lattice volume V on (a) 
doping level and (b) the relative dopant ionic radius. 

 

Fig.3-9 Dependences of bond lengths (Ti-O(1) and Ti-O(2)) and Ti-Ti distance in 
[110] in Sr2TiO4 phase on different site doping. 
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Fig.3-10 Illustrations of the deformed TiO6 octahedra in doped Sr2TiO4 and the 
preferential crystal expansion the a-axis direction induce by (a) Ti-site-Nb-doping, and 
of (b) in the c-axis direction induced by Sr-site-RE (RE: La, Nd)-doping. 

 
 

 
 

Fig.3-11 Doping level dependence of (a) lattice parameters (a, c, and V) in 
Nb-doped n = 2 RP phases, and of (b) Ti-Ti distances along [110] in Nb-doped n = 1, 2 
and ∞ RP compounds. 
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Fig.3-12 Dependences of Ti-O bond lengths (Ti-O(1), Ti-O(2), and Ti-O(3)), Ti-Ti 
distance along [110], and the O(3)-Ti-O(3) bond angle on the x in SrO(SrTi1-xNbxO3)2. 

 

Fig.3-13 RE radius dependences of the lattice parameters (a, c, and V) in the 
Sr-site-5%RE (RE: La, Nd, Sm, Gd)-doped Sr3Ti2O7. 
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Fig.3-14 RE radius dependences of Ti-O bond lengths, Ti-Ti distance along [110], 
and O(3)-Ti-O(3) band angle in (100). 

 

Fig.3-15 A local view of the 9 kW Rigaku SmartLab, which was used for high 
temperature X-ray diffraction measurement. 
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Fig.3-16 Plot of the temperature calibration by using a standard Si powder in a 
temperature range of RT –1000 K.  

 

Fig.3-17 Variation of (a) lattice parameters (a, c, V), and (b) Ti-O(1, 2, 3) bond 
lengths and O(3)-Ti-O(3) bond angle in un-doped Sr3Ti2O7. 

 



 53

 

 

 

Fig.3-18 Temperature dependence of (a) lattice parameters (a, c, V), and of (b) 
O(3)-Ti-O(3) bond angle, in Nb- and RE-doped Sr3Ti2O7(RE: La, Sm). 
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Chapter 4 Fabrication and thermoelectric 
properties of Ti-site-Nb-doped RP phases 
Srn+1TinO3n+1 (n = 1, 2) 

4.1 Preface 

As introduced in Chapter 1, the RP phases with a superlattice structure, Srn+1TinO3n+1 or 

SrO(SrTiO3)n (n = 1, 2) have been focused on as a hopeful way to further enhance the 

thermoelectric performance of a perovskite-type Nb-doped SrTiO3, which showed a highest ZT 

value of ZT = 0.37 [1,2] at 1000 K. The strategy is to maintain the excellent carrier transport 

behavior by the presence of perovskite-type (SrTiO3)n slabs and to suppress the thermal 

conductivity by the presence of the interfaces of SrO/(SrTiO3)n. The electrical conductivity can 

be tuned by quantitative doping, both at the Ti-site and the Sr-site. In this chapter, the 

fabrication and thermoelectric properties of Ti-site-Nb-doped SrO(SrTiO3)n (n = 1, 2) are 

reported and discussed with respect to the potential as a novel thermoelectric oxide, and the 

relationship between the thermoelectric properties with the crystal structures as well, especially 

the local symmetry of TiO6 octahedra in these compounds. We emphasized on the n = 2 

compound in this chapter and hereafter in the present research, due to the fact that (1) the n = 2 

phase is the most stable compound, thermally and chemically, and (2) the highest ZT ~ 0.14 [3] 

was obtained in the n = 2 compound.  

4.2 Experimental 

The Ti-site-Nb-doped RP samples, with a target composition (shown in Table 4-1) of 

Sr2(Ti1-xNbx)O4 (x = 0.05 – 0.20) and Sr3(Ti1-xNbx)2O7 (x = 0.05 – 0.20) were prepared following 

a flow shown in , generally in two steps: (1) Single phase synthesis of power samples and (2) 

hot-pressing the produced single phase powders into highly dense polycrystalline bulk 

ceramics. 

First, chemical powders (analytical-grade purity: 3N) of SrCO3, TiO2, and Nb2O5 

(Koujundo Co., Japan) were weighed and put together into a teflon pot of a planetary ball-miller, 

and added with some pure ethanol solution and a mount of ZrO2 beads. After a primary mixing, 

the pot was mounted on the miller and the wet mixture was blended for ~ 1 h, after dried at 

~100˚C for ~1 h and sieved out the beads afterwards, the mixture was preheated at ~1200˚C for 
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12 h twice, with an intermediate grinding, to decarbonate and homogenize the reactants and to 

initialize the formation of RP phases. Then to generate the electron carriers through the 

reduction of Ti4+ to Ti3+ by 

the substitution of Nb5+ for Ti-site, the mixture was contained in a graphite crucible and 

was sintered in a reducing atmosphere created by an flow of Ar gas (~20ml/min) at a suitable 

temperature ~1450˚C for ~2 hours several times, until a single phase state was obtained, 

confirmed by XRD measurement. 

A conventional hot-pressing process was carried out for a mount of power sample (~40 g) 

in an Ar atmosphere at ~1450˚C for ~1 h under a pressure of 36 MPa, the produced ceramic 

samples were highly dense to have a relative density around 98%–99% of the theoretical 

density. 

The structural analysis of hot-pressed specimens was carried out by the powder x-ray 

diffraction using a diffractometer with Cu K radiation. Structural parameters obtained from the 

x-ray diffraction data were refined by the Rietveld method by use of the RIETAN-2000 

program.[6] The electrical conductivity κ  and carrier concentration ne were measured with a 

conventional dc four-probe method with a Au electrode under an Ar atmosphere and van der 

Pauw configuration under vacuum, respectively. 

The Seebeck coefficient S was measured at 300 – 1000 K by a conventional steady state 

method in an Ar flow. Heat capacity Cp and thermal diffusivityα were measured by differential 

scanning calorimetry and laser-flash method under vacuum, respectively. The thermal 

conductivity κ ( pCκ α ρ= ⋅ ⋅ ) was calculated specific heat capacity Cp, thermal diffusivity, and 

bulk density ρ . 

 

Table 4-1 Composition list of Nb-doped samples. 

n of Srn+1TinO3n+1 Dopant Doping level x Target composition
1 Nb 0.05 Sr2(Ti0.95Nb0.05)O4 
  0.10 Sr2(Ti0.9Nb0.1)O4 
  0.20 Sr2(Ti0.8Nb0.2)O4 
2 Nb 0.05 Sr3(Ti0.95Nb0.05)2O7
  0.10 Sr3(Ti0.9Nb0.1)2O7 
  0.20 Sr3(Ti0.8Nb0.2)2O7 
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4.3 Results and discussion 

4.3.1 Structural features 

The XRD measurements revealed that the n = 1 Nb-doped compounds were not 

monophasic but contained minor phase of the n = 2 member, while the n = 2 Nb-doped 

compounds were all single phase, although the doping level was no higher than 0.2, as a result 

of lowered structural tolerance factor that has been discussed in Chapter 3. This result 

suggested that the n = 2 RP compound is the most stable phase among the RP series, which was 

also supported by the fact that single phase was totally not possible when n is higher than 2. 

As introduced before, the RP phases (n = 1, 2) have a tetragonal superlattice structure 

belonging to the space group of I4/mmm (No. 139), and are structurally built up by alternatively 

stacking the perovskite-type (SrTiO3)n slabs and the NaCl-type SrO layers along the c-axis. 

Even un-doped, the TiO6 octahedra in the n = 1 compound are not ideally regular with two 

different Ti-O bonds unequal in their lengths, although with a straight bond angle of O-Ti-O in 

(100) plane (O(1)-Ti-O(1) for n = 1). Furthermore, in the n = 2 compound Sr3Ti2O7, the TiO6 

octahedra contain three different Ti-O bonds, and the bond angle O-Ti-O in (100) plane 

(O(3)-Ti-O(3) for n = 2) is not straight but a little smaller than 180˚ (~177˚) due to that the 

center-off Ti cation is shift to the SrO layer side a bit. 

Rietveld refinement results show, for n =1 compounds, the lattice parameter a gradually 

increases, but the lattice parameter c decreases with increasing Nb content, while for n = 2, a 

linearly increases and c increases up to x = 0.1, becoming constant when x exceeds 0.1. Since 

the Ti–Ti distance along [110] depends directly on the lattice constant a, the variation of the 

Ti–Ti distance is similar to that of a for both n = 1 and 2, and the distance increases with an 

increase in n. As shown in Fig. 3 – 8(a), the lattice volume V increases monotonically with an 

increase in Nb content both for n = 1 and 2 compounds. All of these findings can be attributed to 

the fact that the radius of the Nb5+ ion (r = 64 pm, coordination number CN = 6) is slightly 

larger than that of Ti4+ ion (r = 60.5 pm, coordination number = 6), leading to the lattice 

expansion in the Nb-doped compounds. 

As for the local symmetry of TiO6 octahedra, the relevant details have been described in 

Chapter 3. In summary, these TiO6 octahedra are still distorted, suggesting a limit effect of 

structural restoration for Ti-site-Nb-doping in these 2 RP compounds. 
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4.3.2 Thermoelectric properties 

To clarify the potential of these series of Nb-doped RP compounds, thermoelectric 

properties, including electrical conductivity, Seebeck coefficient, and etc. were measured. 

(1) Electrical conductivity 
Figure 4-1 shows the temperature dependence of the σ for SrO(SrTi1−xNbxO3+n (x = 0.05 – 

0.2, n = 1, 2). Those of the cubic perovskite-type 20at%-Nb-doped SrTiO3 polycrystalline 

samples are shown for comparison. In the case of n =1 and 2, the values of σ  increase 

systematically with increasing amount of Nb doping. Since the doped Nb atom acts as an 

electron donor, the carrier concentration increases with increasing doping amount, leading to a 

higherσ . Above ~750 K, generally all the σ  decrease with temperature proportionally to 

about T−1.5, which has also been observed in La- and Nb-doped SrTiO3 materials [1-3] and other 

titanate compounds [5]. The temperature dependence of σ  in SrTiO3 systems has already been 

reported from the viewpoint of Hall mobility Hallμ .[2] [7] The σ  value is directly dependent on 

the width of the double Schottky barrier (DSB), which can be expressed from Poisson’s 

equation’s as 

 
1 2
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22 r B
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where 0 , rε ε , ND, and BΦ  are the permittivity of the vacuum, the relative static dielectric 

constant, the donor density, and the barrier height, respectively. This DSB width becomes small 

with increasing temperature because rε  of SrTiO3 decreases proportionally to T−1.5, and a 

power law dependence 1.5Tμ −∝  appears at higher temperatures. The temperature dependence 

of 1.5Tσ −∝  suggests that the electrical conduction in RP phases would take place dominantly 

within the perovskite layers. The lower σ  of RP phases than the perovskite-type ones is 

considered to be due to the insulating SrO layers randomly distributed in polycrystalline 

samples. 

(2) Seebeck coefficient 
The Seebeck coefficients S for the Nb-doped RP compounds were shown in Fig.4-2. The 

sign of the S values for the samples are all negative, indicating the samples are n-type 

conductors, and the absolute values increase proportionally to the temperature, due to the 

reduction of chemical potential with temperature. The S values decrease with Nb doping owing 

to an increase in the carrier concentration ne. The Jonker plot at 1000 K (insert in Fig.4-2) 
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showed a slope of 1ln10 198 VKBk
e

μ −− = − , which was also observed in cubic perovskite-type 

La- or Nb-doped SrTiO3 single crystal samples. [4] This can also partially prove that the 

electronic transport properties of RP phases are dominated by perovskite layers. 

Summarized in Table 4-2 are the carrier concentration ne, electrical conductivityσ , Hall 

mobility Hallμ , Seebeck coefficient S and effective mass md
* for the RP phases SrO(SrTiO3)n (n 

= 1, 2) and for cubic perovskite-type SrTiO3 crystals at room temperature. It can be clearly seen, 

that the S values of RP compounds are fairly smaller than those of doped cubic perovskite-type 

SrTiO3 crystals at room temperature and higher temperatures, even the ne of the RP phases are 

lower than those of the latter, and which is abnormal in the view of the common relationship of 

S on ne. 

In order to clarify the abnormal S in RP compounds as compared to cubic perovskite-type 

SrTiO3, the carrier effective mass md
* values were estimated (the method has been introduced in 

Chapter 2), based on the observed carrier concentration through Hall effect measurement, and 

listed in Table 4-2. The md
* values are much smaller than those of doped SrTiO3, which should 

be responsible for the lower S in RP phases. The dependence of md
* on the crystal structure is 

discussed in the following section of DOS effective mass. 

Table 4-2 Carrier concentration ne, electrical conductivityσ , Hall mobility Hallμ , 
Seebeck coefficient S and effective mass md

* for the RP phases SrO(SrTiO3)n (n = 1, 2) 
and for cubic perovskite-type SrTiO3 crystals at room temperature. 

ne σ  Hallμ S md
* Compositions 

(×1020 cm−3) (S ⋅ cm−1) (cm2 V−1s−1) ( μ VK−1) (m0)
5 at. % Nb-doped n =1 2.5  30  0.8  −147  2.2 
10 at. % Nb-doped n =1 6.9  30  0.3  −77  2.1 
5 at. % Nb-doped n =2 2.9  62  1.4  −109  1.8 
10 at. % Nb-doped n =2 7.5  58  0.5  −69  1.9 
Nb-doped single crystal 1.5  95  6.2  −330  7.3 
Nb-doped single crystal 3.7  353  6.0  −240  7.7 
La-doped single crystal 6.8  1000  9.2  −150  6.6 

Note: the date for single crystal are cited from Ref. 4. 

(3) Thermal conductivity 
The thermal conductivity κ derived from the product of the measured thermal diffusivity, 

heat capacity, and the sample’ density, were plotted as a function of temperature for the RP 

phases SrO(SrTiO3)n (n = 1, 2) in Fig. 3-4, with the reference data of 20%Nb-doped cubic 

perovskite-type SrTiO3 polycrystal from Ref. 4. It can be obviously seen the κ values of RP 

phases are very close for the 2 series Nb-doped RP compounds (~4.6 Wm-1K-1 at room 



 60

temperature to ~2.3 Wm-1K-1 at 1000 K) but are remarkably smaller than that of 20%Nb-doped 

SrTiO3 (~11 Wm-1K-1 at room temperature to 3 Wm-1K-1 at 1000 K). 

According to the description of thermal conductivity in Chapter 2, the contribution of 

lattice vibration latticeκ (i.e. the phonon transport) and that of carrier (electrons predominately) 

transport eleκ were calculated. The eleκ values were estimated from the calculated L0 

(1.5–2.35 × 10−8 W Ω K−2) and the experimental σ data. Although eleκ  increases with 

increasing Nb content, the latticeκ shows no significant dependence on the Nb content because 

the contribution of eleκ (0.3 Wm−1K−1) to totalκ is very small. In comparison with the cubic 

perovskite-type Nb-doped SrTiO3 polycrystalline ceramics, latticeκ decreased in value by more 

than 50% (4.4–5 Wm−1K−1) at room temperature and 30% (1.9–2.2 Wm−1K−1) at 1000 K, 

respectively. Therefore, this reduction in the κ value would have been caused by the 

enhancement of phonon scattering at the SrO/(SrTiO3)n interfaces. 

(4) Carrier concentration, Hall mobility and carrier effective mass 
Through the Hall effect measurement, carrier concentration and Hall mobility for the RP 

phases were determined, and the carrier effective mass md
* were evaluated by the use of the 

observed ne and S values according to the method described in Chapter 2, and are listed in  

Table 4-2 altogether. 

The carrier concentrations in all RP phases are generally constant in the temperature range 

300 – 1000 K, implying their high thermal stability (except the 20%Nb-doped compounds, 

which are stable less than 700 K). 

By comparison of the data between the Nb-doped RP compounds and those of doped 

single crystal, one can find the mobility for the former is rather smaller than the latter, which 

should be due to the numerous insulating SrO layers’ presence in the RP ceramics, and the grain 

boundary as well. 

As mentioned in Section 2, the effective mass md
* values in the RP phases are rather small 

as compared to those for cubic perovskite-type SrTiO3. Although it has been reported that the 

md
* increased with the Ti-Ti distance along [110] direction in SrTiO3 almost linearly [1][4], 

indicating that md
* could be enhanced by increasing the Ti–Ti distance (decreasing the 

overlapping between Ti 3d-t2g orbitals) if the degenerate band is maintained, as shown in 

Fig.4-4. Thus even heavily doped with Nb, the md
* can be maintained still very large so as to 

supply a high Seebeck coefficient in SrTiO3. 

However, the md
* data for RP phases are much less dependent on the Ti-Ti distance, 
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remained at a low level of 2~3 m0, rather off the linear relationship in SrTiO3. 

The cause for the reduction of md
* in RP compounds, should be strongly affected by the 

density of states (DOS) near the bottom of conduction band which is consist of Ti 3d orbitals. 

As introduced in Chapter 1, the TiO6 octahedra in the RP phases are slightly deformed, which 

might have a deleterious effect on the TE properties by leading to variations of the DOS such as 

band splitting, frequently observed in low symmetry (e.g., orthorhombic) structure 

materials.[8,9] It is considered that small md
* values for RP phases are due to the crystal field 

splitting of Ti 3d-t2g orbitals (splitting of degeneracy) by the presence of deformed TiO6 

octahedra and could be responsible for low S. Accordingly, the effect of enlargement of md
* 

originating from carrier localization as a result of lattice expansion by doping of Nb must be 

limited to structures with high symmetry TiO6 octahedra. In another word, the enhancement of 

md
* should rely on primarily a high symmetry state of the TiO6 octahedra, especially the O-Ti-O 

bond angle in the (100) plane, and secondarily to the other factors, e.g. the Ti-Ti distance in 

[110] direction, as proven by the dependence of the md
* values for Nb-doped n = 2 compound 

on the O(3)-Ti-O(3) bond angle in Fig.4-5. The md
* value increase slight with the enlargement 

of the bond angle, suggesting a restoration of the initially distorted TiO6 is effective in 

enhancing the md
*, maybe due to an increase in the DOS near the conduction band bottom by 

diminishing the effect of the crystal field splitting.  

From the observed S and σ values, the power factor 2S σ  for the Nb-doped RP phases 

were calculated and are shown in Fig.4-6. The 2S σ values increase gradually with temperature 

and reach to a maximum at ~900 K, and as shown in the insert (a), the 2S σ values increase with 

ne and became saturate at ne~5×1020 cm−3 which is much smaller than the concentration at 

which the Nb-doped SrTiO3 shows the maximum power factor (ne ~ 21 37 10 cm−× ). The reason 

for this difference can be further explained by an investigation to the structural properties for 

RP phases at high temperatures. 

Revealed by Rietveld refinement of the HT-XRD data for 10%Nb-doped SrO(SrTiO3)2 

(Chapter 3),  the lattice parameters a, c, and V increased gradually with temperature, as shown 

in Fig.4-5. Furthermore, for un-doped SrO(SrTiO3)2, the O(3)-Ti-O(3) bond angle in the (100) 

plane was almost constant at elevated temperatures, however, this angle has a trend to reduce 

with the increasing temperature in the 10%Nb-doped compound, as shown in Fig.4-9. Thus it 

can be deduced that, although the thermal expansion should have an effect of increasing the md
* 

to some extent, the decrease of the O(3)-Ti-O(3) bond angle deteriorated the effect by inducing 

a further distortion of the TiO6 octahedra and promoting the crystal field splitting which reduces 

the md
*, oppositional to the effect of Ti-Ti distance. Accordingly, the md

* value at high 
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temperature increases very limitedly and is no higher than 4m0 at 1000 K, as shown in Fig.4-10, 

far off the linear relationship between the Ti-Ti distance and md
* in cubic perovskite-type 

SrTiO3.  

(5) Dimensionless thermoelectric figure of merit 
By the use of the obtained S, σ , and κ , the ZT values for the series Nb-doped RP 

compounds were calculated and are shown in Fig.4-11. The ZT values increase drastically with 

temperature and reach their maximums in a range of 0.09 ~ 0.14 at 1000 K. And the highest ZT 

value (ZT ~ 0.14) was attributed to the 5%Nb-doped n = 2 RP compound SrO(SrTi0.95Nb0.05O3)2 

at 1000 K. As compared to those of doped cubic perovskite-type SrTiO3, the RP phases’ ZT are 

much smaller, despite of their remarkably decreasedκ . The reason for the small ZTs of RP 

compounds should be considered to be primarily due to their low Seebeck coefficient, as an 

essential result of the inherently distorted TiO6 octahedra. 

4.4 Conclusions 

N-type Ti-site-Nb-doped RP phases SrO(SrTi1-xNbxO3)n (n = 1, 2; x = 0.05 – 0.2) 

polycrystalline dense ceramics were fabricated by a conventional solid state reaction and a 

conventional hot-pressing technique. Due to an enhanced phonon scattering effect at the 

interfaces of SrO/(SrTiO3)n, the reduction of thermal conductivities of the Nb-doped RP 

compounds were successfully achieved, with a decrease by ~ 60% at room temperature and by 

~30% at 1000 K as compared to 20%Nb-doped SrTiO3.  While the electrical conductivities of 

these compounds are similar to that of doped cubic perovskite-type SrTiO3, showing a 

temperature dependence of T-1.5 above ~750 K, which suggests the carrier transport occur 

predominantly in the (SrTiO3)n slabs, except that their value much lower than that of SrTiO3, 

possibly due to the enormous insulating SrO layers randomly distributed in the polycrystalline 

ceramics. However, the Seebeck coefficient S values of the RP compounds were found to be 

fairly smaller than those of doped cubic perovskite-type SrTiO3, the factor responsible for the 

small S should be the carrier effective mass md
*, which is only about 30% of those for doped 

SrTiO3. We attribute the reduction of md
* to the distorted TiO6, which induces a crystal field 

splitting and deteriorates the degeneracy of Ti 3d-t2g orbitals. Rietveld analysis of the HT-XRD 

data revealed that the local symmetry of the TiO6 octahedra decreased further with temperature 

gradually. Although increased a little due to thermal expansion which causes Ti-Ti distance to 

increase, the md
* showed a limited increase during the temperature increase and is no higher 

than 4m0 at 1000 K. Accordingly, the ZT values of Nb-doped RP phases are fairly lower than 
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La- and/or Nb-doped cubic perovskite-type SrTiO3, and the maximum ZT ~ 0.14 was obtained 

in 5%Nb-doped SrO(SrTi0.95Nb0.05O3)2 at 1000 K. 

Therefore, to improve the ZT value of RP phases, we must challenge to engineer the crystal 

structure of TiO6, as a primary solution to enhance the md
* then to achieve a higher Seebeck 

coefficient, e.g. by Sr-site substitution with Ca, which showed a satisfying result [10] that the 

thermoelectric performance could be improved, probably due to the structural restoration of 

local symmetry of the TiO6 octahedra, this strongly indicates the Sr-site-doping as a promising 

solution, e.g. by doping RE at Sr-site, which is described in Chapter 5. 

 

The author claims here, most of the data related to the thermoelectric properties for the 

Nb-doped RP compounds, available in Ref. 3, were contributed by Dr. Kyu Hyoung Lee, a 

CREST researcher, who has worked during 2005 – 2007 at Koumoto Lab. 
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Fig. 4-1 Temperature dependence of electrical conductivity for Nb-doped 
SrO(SrTi1-xNbxO3)n (n = 1, 2; x = 0.05, 0.1, 0.2). The data (Inverted open triangle) for 
cubic perovskite-type 20%Nb-doped SrTiO3 is from Ref. 3. 

  

Fig. 4-2 Temperature dependence of the Seebeck coefficient for Nb-doped 
SrO(SrTi1-xNbxO3)n (n = 1, 2; x = 0.05 – 0.2), with the data (inverted open triangle) for 
cubic perovskite-type SrTiO3 from Ref 3 as reference. Insert shows the Jonker plot, 
where the data for cubic perovskite-type SrTiO3 are form Ref. 2. 
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Fig. 4-3 Temperature dependence of thermal conductivity for 5%Nb-doped 
SrO(SrTiO3)n (n = 1, 2). The thermal conductivity data (open, filled, and half-filled 
inverted triangles) for cubic perovskite-type 20%Nb-doped SrTiO3 perovskite 
polycrystalline ceramics are taken or calculated from the data in Ref. 3. Electronic 
thermal conductivity ( eleκ data with Nb content estimated using the Wiedemann-Franz 
law are also shown in the inset.) 

   

Fig. 4- 4 Variation of carrier effective mass md
* with the Ti-Ti distance along the 

direction [110] for Nb-doped SrO(SrTiO3)n (n = 1, 2) and cubic perovskite-type SrTiO3 
for which the data are from Ref. 1 and 2.



 66

 

 

Fig. 4-5 The carrier effective mass md
* in Nb-doped SrO(SrTi1-xNbxO3)2 (x = 0.05 

– 0.2) as a function of O(3)-Ti-O(3) bond angle in the (100) plane. 

 

Fig. 4-6 Temperature dependence of power factors for Nb-doped RP compounds 
SrO(SrTi1-xNbxO3)n (n = 1, 2; x = 0.05 – 0.2). The estimated power factor with carrier 
concentration is also shown in inset (a). Power factor data for cubic perovskite-type 
20%Nb-doped SrTiO3 perovskite polycrystalline samples calculated from the data in 
Ref. 10 are shown in inset (b). 



 67

 

 Fig. 4-7 Temperature dependence of power factors for Nb-doped RP 
compounds SrO(SrTi1-xNbxO3)n (n = 1, 2; x = 0.05 – 0.2). The estimated power factor 
with carrier concentration is also shown in inset (a). Power factor data for cubic 
perovskite-type 20%Nb-doped SrTiO3 perovskite polycrystalline samples calculated 
from the data in Ref. 10 are shown in inset (b). 

 

  

Fig. 4-8 Variation of the lattice parameters of a, c, and V with temperature for 
10%Nb-doped n = 2 RP compound. 
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Fig. 4-9 Variation of the O(3)-Ti-O(3) bond angle in the (100) plane with 
increasing temperature in un-doped and 10%Nb-doped SrO(SrTiO3)2 compounds. 

 

Fig. 4-10 Variation of carrier effective mass for 10%Nb-doped SrO(SrTiO3)2 with 
temperature. The scattering factor r is presumed to be linearly dependent on 
temperature from 300 K (r = 0.5) to 750 K (r = 0) and to be zero above 750 K, as 
described in Ref. 2.  
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Fig. 4-11 Temperature dependence of the dimensionless figure of merit, ZT, for 
the Nb-doped RP compounds SrO(SrTi1-xNbxO3)n (n = 1, 2; x = 0.05 – 0.2). 
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Chapter 5 Fabrication and thermoelectric 
properties of Sr-site-RE (RE: La, Nd, Sm, and 
Gd)-doped RP phases Srn+1TinO3n+1 (n = 1, 2) 

5.1 Preface 

The investigation on Ti-site-Nb-doped RP phases SrO(SrTiO3)n (n = 1, 2) [1] showed the 

maximum ZT ~ 0.14 at 1000 K in 5%Nb-doped SrO(SrTi0.95Nb0.05O3)2, which is fairly small as 

compared to the ZT ~0.37 at 1000 K in 20%Nb-doped cubic perovskite SrTiO3.[2] The primary 

reason was considered to be the small Seebeck coefficient S, which is derived from a much 

lighter carrier effective mass md
* in these compounds. Through the Rietveld analysis, the 

observed distortion of the TiO6 octahedra has been considered to be essentially responsible for 

the reduction of md
*. Furthermore, no improvement of the local symmetry of TiO6 was found at 

higher temperatures, due to the continuously decreasing O(3)-Ti-O(3) bond angle. 

Consequently, the degeneracy of the Ti 3d orbitals as the conduction band (CB) was limited to 

cause a small DOS in the CB bottom. 

Therefore it poses a prerequisite for enhancing the md
* to achieve a high Seebeck 

coefficient, and finally a larger ZT value. Although Ca-substitution for Nb in the Sr3Ti2O7 

compound has exhibited an satisfying improvement (ZT1000 K ~ 0.15) in the thermoelectric 

performance, it is still insufficient. However, it strongly suggested the possibility of the 

structural engineering to improve the thermoelectric performance further. 

In this chapter, the fabrication and the thermoelectric properties of Sr-site-RE(rare earth, 

RE: La, Nd, Sm, and Gd)-doped RP compounds are reported, which suggests small RE3+ 

doping an effective way to restore the inherently distorted TiO6 and, more importantly, to 

enhance the md
* and Seebeck coefficient, and as a result, a remarkable improvement of ZT has 

obtained. 

5.2 Experimental 

Sr-site-RE-doped SrO(SrTiO3)n (n = 1, 2) highly dense polycrystalline ceramics with the 

target composition (Table 5-1) were fabricated generally in two steps: (1) Single phase 

synthesis of power samples and (2) hot-pressing the produced single phase powders into highly 

dense polycrystalline bulk ceramics, as shown in Fig. 5-1.  

First, chemical powders (analytical-grade purity: 3N) of SrCO3, TiO2, and RE2O3 (RE: La, 
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Nd, Sm, and Gd) were weighed precisely and put together into a teflon pot of a planetary 

ball-miller, and added with some pure ethanol solution and a mount of ZrO2 beads. After a 

primary mixing for the wet mixture, the pot was mounted on the miller and the mixture was 

blended for ~ 1 h, after dried at ~100˚C for ~1 h and sieved out the beads afterwards, the 

mixture was preheated at ~1200˚C for 12 h twice, with an intermediate grinding, to decarbonate 

and homogenize the reactants and to initialize the formation of RP phases. Then to generate the 

electron carriers through the reduction of Ti4+ to Ti3+ by the substitution of RE3+ for Sr-site, the 

mixture was contained in a graphite crucible and was sintered in a reducing atmosphere created 

by an flow of Ar gas (~20ml/min) at a suitable temperature ~1400˚C for ~2 hours several times, 

until a single phase state was obtained, confirmed by XRD measurement. 

A conventional hot-pressing process was carried out for a mount of power sample (~40 g) 

in an Ar atmosphere at ~1400˚C for ~1 h under a pressure of 36 MPa, the produced ceramic 

samples were highly dense to have a relative density around 96%–99% of the theoretical 

density. 

The structural analysis of hot-pressed specimens was carried out by the powder x-ray 

diffraction using a diffractometer with Cu K radiation. Structural parameters obtained from the 

x-ray diffraction data at room temperature and/or high temperature were refined by the Rietveld 

method by use of the RIETAN-2000 program.[5] The electrical conductivity κ  and carrier 

concentration ne were measured with a conventional dc four-probe method with a Au electrode 

under an Ar atmosphere and van der Pauw configuration under vacuum, respectively. 

The Seebeck coefficient S was measured at 300 – 1000 K by a conventional steady state 

method in an Ar flow. Heat capacity Cp and thermal diffusivityα were measured by differential 

scanning calorimetry and laser-flash method under vacuum, respectively. The thermal 

conductivityκ ( pCκ α ρ= ⋅ ⋅ ) was calculated specific heat capacity Cp, thermal diffusivity, and 

bulk density ρ . 

Table 5-2 Target compositions of RE-doped RP compounds (Sr1-xREx)n+1TinO3n+1 
(n = 1, 2; x = 0.05, 0.10). (The rare earth metal ionic radii are cited from Ref. 9)   

RE Radius (pm; CN: Doping level Target composition
La 121.6 0.05 (Sr0.95La0.05)2TiO4 
Nd 116.3 0.05 (Sr0.95Nd0.05)2TiO4 
La 121.6 0.05 (Sr0.95La0.05)3Ti2O7

Nd 116.3 0.05 (Sr0.95Nd0.05)3Ti2O7

Sm 113.2 0.05 (Sr0.95Sm0.05)3Ti2O7

Gd 110.7 0.05 (Sr0.95Gd0.05)3Ti2O7

La 121.6 0.10 (Sr0.9La0.1)3Ti2O7 
Nd 116.3 0.10 (Sr0.9Nd0.1)3Ti2O7 
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5.3 Results and discussion 

5.3.1 Phase compositions and structural features 

As confirmed by XRD measurement (Fig.5-1), the n = 1 RE (RE: La, Nd)-doped 

compounds contained some impurities, such as the n = 2 RP phase, while for the n = 2 RE(RE: 

La, Nd, Sm, Gd), single phase were achieved after about 2 times of reducing sintering. The 

reason for difficulty in synthesizing the monophasic n = 1 RE-doped RP compound can be 

explained by the structural tolerance factor r for the perovskite structure ABO3, [6] which has 

been introduced in Chapter 3 as: 

 
( )
A O

B O

( )
2
r rr

r r
+

=
+

, (5-1) 

Where A B O, andr r r are the ionic radii of the A atom, B atom, and the oxygen atom. Since the 

space of the 9-coordinate site in n = 1 RP compound is fairly smaller than that for a 

12-coordination site which corresponds to the coordinate state in an ideal perovskite structure, 

the r value is inherently small so that doping with smaller atoms is structurally unstable. And 

maybe due to the co-existence of 12-coordinate sites with 9-coordinated ones, the r is relatively 

larger in n = 2 RP compound, which enables a higher doping level and the doping with a smaller 

RE3+-doping, and therefore the n = 2 RP compound becomes the most stable phase in the RP 

members. 

Since the results of Rietveld refinement have been presented in Chapter 3, listed below are 

the main structural features in these compounds. 

The lattice parameters a, c, and V of RE-doped RP compounds increase with the RE ionic 

radius 3+RE
r overall, but are generally smaller than those of Ti-site-Nb-doped phases, due the 

radius relationship as 3+ 2+ 5 4+Sr Nb Ti
 and 

RE
r r r r+< > , as shown in Fig. 3-9 and Fig.5-3.  

As for the local symmetry of TiO6 octahedra, in n = 1 RP compound, Ti-O(1) bonds are 

longer than Ti-O(2), and the O-Ti-O bond angle in (100) plane is 180˚. While in n = 2 

compound, the Ti-O bonds are different in length: Ti-O(1) > Ti-O(3) > Ti-O(2), but tend to 

close to each other when the compound is doped with smaller RE, e.g. Gd, as can be seen in , 

moreover, the O-Ti-O bond angle in (100) plane become closer to 180˚, and the Ti-Ti distance 

along [110] becomes shorter at the same time. However, this still means that smaller 

RE3+-substitution is more effective in restore the inherently distorted TiO6 octahedra, as shown 

in Fig.5-4. 
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The RE3+ introduced into the RP compounds occupies the 9-coordinated Sr2+-sites which 

locate at the NaCl-type SrO layers, which is similar to the frequently reported selective 

occupations of small cations in some other RP phases. [7] 

In summary, the Sr-site-RE-doping can increase the local symmetry of the TiO6 octahedra, 

especially when 3+RE
r is small, due to its capability both in equalizing the 3 Ti-O bond lengths 

and in enlarging the O(3)-Ti-O(3) bond angle as well. This should be favorable for the 

thermoelectric performance improvement, in a view of the significant effect of the local 

symmetry of TiO6 octahedra on the enhancement of md
*. 

5.3.2 Thermoelectric properties for La- and Nd-doped RP 
compounds 

(1) Electrical conductivity 

As shown in Fig.5-5 (a), the (Sr1-xREx)n+1TinO3n+1 (n = 1, 2; x = 0.05, 0.1; RE: La, Nd) 

ceramics generally exhibits a higher σ when doped with larger amount of La and/or Nd, 

suggesting both La3+ and Nd3+ ion fully act as an electron donor. With the increase in 

temperature, the σ decreases gradually, due to a reduction of electron mobility resulted by 

phonon scattering. The similar slope above ~800 K would suggest the carrier transport occur 

predominantly in the perovskite-type (SrTiO3)n layers. Theσ values at high temperature region 

for the RE-doped samples are very close to those reported for Ti-site-Nb-doped RP compounds 

(Fig. 4-1), indicating the alike effect of the randomly distributed SrO layers as insulating 

barriers. This can also be supported by the finding of a similar band gap Eg ~3.2 eV to that of 

SrTiO3 (~3.4eV), implying the conduction band is Ti 3d orbitals and the SrO would not be 

dominantly responsible for the carrier transport. On the other hand, below 700 K, the temperature 

dependence of σ  is not linear, implying that the grain boundary scattering is still dominant in this 

temperature range due to the presence of grain boundaries as shown in Fig. 5-6. 

 In summary, the electrical conductivity behavior of La- and/or Nd-doped RP phases is 

similar to those observed in cubic perovskite-type SrTiO3 and Ti-site-Nb-doped RP phases. 

(2) Seebeck coefficient 

Seebeck coefficients for the La- and Nd-doped RP compounds are shown in Fig.5-5(b). 

The S values are all negative, indicating that the samples are n-type degenerate semiconductors, 

and the |S| values of all samples increased with temperature due to decrease of the chemical 

potential. The larger S responds to the 5%-doped compounds, due to their lower carrier 
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concentration. What’s notable is that above ~600 K, the increase rate of S in La- and Nd-doped 

samples are relatively larger than that of the reference 10%Nb-doped Sr3Ti2O7 [1] and even of 

the Ca-substituted ones, [2] which was consider to be linked to the restoration of TiO6 

octahedra by substitution of smaller-sized RE for Sr2+ in a view of the significant effect of the 

distortion of TiO6 on the lowering of md
* (See the following section of carrier DOS effective 

mass.)  

(3) Thermal conductivity 

The thermal conductivities for La- and/or Nd-doped RP compounds were found to be very 

close, even between the two series RP phases with a different n. Similar to Nb-doped RP phases, 

[1,2] the electron contribution calculated from the observed S and σ , eleκ  (~0.3 Wm-1K-1) is 

very small, indicating that the reduction ofκ should be primarily due to the lattice contribution. 

In comparison with the cubic perovskite-type 20%Nb-doped SrTiO3 polycrystalline 

ceramics,[8] Latticeκ decreased in value by more than ~50% (~5Wm/K) at room temperature and 

~20% (~2.6Wm/K) at 1000 K, respectively. which suggests the presence of the layered 

structure with enormous interfaces of SrO/(SrTiO)n (n = 1, 2) did play an effective role in 

suppressing the κ by an enhanced phonon scattering. Moreover the values for these two 

compounds are almost as same as those for Nb-doped ones, [1,2] implying that the doping at 

different sites has no significant influence on the lattice vibration mode in a similar structure.  

(4) Power factor and the dimensionless figure of merit 

From the observed S andσ , the power factors 2S σ for La- and Nd-doped RP compounds 

were calculated and plotted against temperature in Fig.5-7(a). The values of 2S σ increased 

with temperature and reach to the maximum at ~800 – 900 K. The highest 2S σ was achieved in 

the 5%La-doped Sr3Ti2O7，due to the trade-off dependence of S and 2S σ on the carrier 

concentration. 

The temperature dependence of ZT for the samples is given in Fig.5-7(b). The ZT values 

increased drastically with temperature, approaching to the maximum at 1000 K in a range of 

0.08 – 0.15. The highest ZT～0.15 was obtained in 5%La-doped Sr3Ti2O7, which is much 

smaller than the ZT~0.37 reported for 20%Nb-doped SrTiO3. Since the κ at 1000 K is about 

17% lower than that of the SrTiO3, the reason for the deterioration of ZT in the La- and 

Nd-doped RP compounds should be attributed to the low electrical conductivity and as well to 

the relatively smaller S even at a lower carrier concentration, which are caused by the presence 
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of SrO layers in the polycrystalline ceramics, and by the small md
* as a result of crystal field 

splitting of the Ti 3d orbitals, respectively.[10] The results suggest: (1) for a bulk ceramics, to 

tune the local symmetry should become a prerequisite for enhancement of the thermoelectric 

performance in the RP compounds; (2) the Sr-site-RE-doping (RE: La and Nd) achieved a little 

higher ZT than the Ti-site-Nb-doping, which indicates the possibility of enhancing the 

thermoelectric performance further by other doping other rare earth metals.   

5.3.3 Thermoelectric properties for 5%RE(RE: La, Nd, Sm and 
Gd)-doped RP compounds  

In order to testify the possibility of restoring the local symmetry of TiO6 octahedra by 

doping so as to facilitate the degeneracy of the Ti 3d orbitals to increase the density of states 

near the conduction band bottom, and consequently to give a rise to the carrier effective mass 

md
* and Seebeck coefficient S, we challenged to dope the RP phases with other rare earth with 

smaller ionic radii. The fabrication method has been introduced above. We tried a series rare 

earth dopants and successfully fabricated single phase 5%Sm- and 5%Gd-doped Sr3Ti2O7 

compounds. Their thermoelectric properties were discussed together with 5%La- and 

5%Nd-doped Sr3Ti2O7. 

(1) Electrical conductivity 
The electrical conductivities for 5%RE(RE: La, Nd, Sm, and Gd)-doped Sr3Ti2O7 were 

summarized in Fig.5-8 (a), and the data for 10%Nb-doped Sr3Ti2O7 [1] was added for 

comparison. All theσ values for the 5%RE-doped Sr3Ti2O7 decreased monotonically with 

temperature, due to the increasingly strong phonon scattering. Below ~650 K they differed a 

little due to the effect of grain boundary on scattering the carriers, but as temperature increased 

above ~650K, the σ values tended to become close, because they the carriers, with high kinetic 

energy, can easily diffuse through the grain boundaries. Compared with the σ (~100 Scm-1 at 

1000 K) of La-doped SrTiO3 single crystal, the σ values (~40 Scm-1 at 1000 K) at high 

temperatures of the 5%RE-doped RP compounds are about ~60% smaller, despite having 

similar carrier concentrations ne ~ 8 20 310 cm−× to the former (6.8 20 310 cm−× ). This is thought to 

be caused by the presence of numerous insulating SrO layers distributed in the polycrystalline 

ceramics, as can be seen in Fig.5-9. Hall Effect measurements revealed that the ne of 

5%RE-doped Sr3Ti2O7 is almost constant over the temperature range 300 – 1000 K, indicating 

the samples are generally stable. The Hall mobility Hallμ is smaller than those reported for Nb- 

and La-doped cubic perovskite-type SrTiO3, and decreases gradually with temperature, 
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proportionally to T-1.5 above ~750 K, which has been observed in Nb- doped cubic 

perovskite-type SrTiO3, [8] and in Nb-doped RP compounds [1,2] as well, so it can be deduced 

that the carrier transport occurred predominantly in the (SrTiO3)2 layers also in RE-doped 

Sr3Ti2O7. 

(2) Seebeck coefficient 
Fig.5-8(b) shows the temperature dependence of 5%RE(RE: La, Nd, Sm, and Gd)-doped 

Sr3Ti2O7, and the data for 10%Nb-doped Sr3Ti2O7 (or SrO(SrTiO3)2) compound as a reference. 

The S are all negative in sign, and the |S| values decrease gradually with temperature, 

suggesting the samples are all n-type degenerate semiconductors. Although the ne for all the 

5%RE(RE: La, Nd, Sm, and Gd)-doped Sr3Ti2O7 are very close, the S values varied notably to 

each other, it can be clearly seen that the smaller RE-doped (i.e. Sm and Gd-doped) compounds 

exhibited relatively higher |S| than the larger RE-doped (i.e. La- and Nd-doped) ones, which 

implies the difference of the effective mass md
* in these compounds (see the section of “DOS 

effective mass” below). It is also clearly shown, despite of their similar ne, the |S| values for 

these RE-doped compounds are fairly larger than that of 10%Nb-doped one (ne ~ 

7.5 20 310 cm−× ), with a rather larger increasing rate to temperature. Considering the description 

for the cause of the small S of the RE-doped RP compounds, one can image that the reason for 

the different behavior of S should be related to the different structural properties between the 

RE- and Nb-doped RP phases, which would induce different md
*, consequently. The detailed 

mechanism for this interesting feature is discussed in the following part for effect mass.  

(3) Power factor 
Fig.5-10 (a) shows the power factors (S2σ) calculated using the observed S and S for the 

5%RE-doped Sr3Ti2O7 (RE: La, Nd, Sm, and Gd), with the referenced data for 10%Nb-doped 

Sr3Ti2O7 (or Sr3Ti2O7) from Ref 1. The S2σ for the RE-doped compounds increase in a different 

way, approaching their maximum values at ~ 900 – 1000 K. As compared to the data of 

10%Nb-doped one, the Nd-doped compound are relatively close, but the Sm- and Gd-doped 

ones are rather larger, benefiting from the fairly increased S. The maximum S2σ was obtained in 

Gd-doped Sr3Ti2O7, about 430 -1 -2Wm Kμ at 1000 K, which is about 30% larger than the 

maximum obtained in 5%Nb-doped Sr3Ti2O7 reported in Ref.1, but is only about 30% of that 

for 20%Nb-doped SrTiO3 which exhibited the highest ZT ~0.37 among the n-type oxide 

thermoelectrics so far, mainly due the rather smaller σ as a result of the insulation by the 

randomly distributed SrO layers in the RP polycrystalline ceramics. 
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(4)Thermal conductivity 
Overall, the κ  for all (Sr0.95RE0.05)3Ti2O7 (RE = La, Nd, Sm, and Gd) are close to each 

other and to those for Sr3(Ti0.9Nb0.1)2O7, and are remarkably reduced by ~60% at room 

temperature and ~30% at 1000 K as compared to those for Sr(Ti0.8Nb0.2)O3. Since the κele values, 

the carriers contribution in κ, estimated by the Wiedemann–Franz law, are very small (κele ~ 0.2 

Wm-1K-1) as compared with the total κ (κtot), which indicates that the phonon contribution is 

predominant, the reduction in κ for the RP compounds is believe to be caused by the enhanced 

phonon scattering effect at the internal interfaces of SrO/(SrTiO3)2. 

(5)Dimensionless thermoelectric figure of merit,ZT 
The dimensionless thermoelectric figure of merit, ZT( 2 1( )ZT S Tσ κ −= ⋅ ), was evaluated 

by using the observed Seebeck coefficient S, electrical conductivity S, and the thermal 

conductivity κ, for the 5%RE-doped Sr3Ti2O7. Shown in Fig. 5-10(c) is the temperature 

dependence of the ZT for these compounds, with the data for 10%Nb-doped Sr3Ti2O7 for 

comparison. The ZTs increase with temperature drastically, and reach the maximums in a range 

0.08 ~ 0.24 at 1000 K. The highest ZT ~0.24 at 1000 K was achieved in the compound 

5%Gd-doped Sr3Ti2O7, which is about 70% larger than the highest value ZT1000 K ~0.14 for 

Nb-doped Sr3Ti2O7, and is even comparable to that of 5%Nb-doped cubic perovskite-type 

SrTiO3 (ZT ~ 0.22 at 1000 K). The result means that the RE-doping for Sr3Ti2O7 is more 

effective in enhancing the thermoelectric performance than Nb-doping. However, the ZT ~0.24 

is still insufficient and is only ~65% of 0.37, the ZT of 20%Nb-doped SrTiO3, despite of the 

κ values of the RE-doped Sr3Ti2O7 are remarkably reduced, the main reason is considered to be 

their fairly lower σ values. 

Thus, an effective way to further improve the performance of RP compounds is to increase 

the conductivity by enlarging the carrier mobility while not affecting the Seebeck coefficient, 

for example, by the preparation of crystal axis-oriented ceramics  or the single crystals of RP 

phases. 

(6)Carrier DOS effective mass, md
* 

As mentioned above, the behavior of Seebeck coefficient (S) for the 5%RE-doped 

Sr3Ti2O7 (RE: La, Nd, Sm, and Gd) are quite different from those of Nb-doped ones. In order to 

clarify these characteristics in S values, the md
* values, which is one of the main factors 

determining S, were estimated by the use of the following equations, in order to explain the 

relationship between md
* and the structural restoration in TiO6 octahedra: 
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where h, kB, Fn and ξ are the Plank constant, the Boltzmann constant, the Fermi integral, and the 

chemical potential, respectively. Fn(ξ) and S can be expressed as 

 , (5-3) 

 , (5-4) 

where e is the electron charge, and r is the carrier scattering parameter of relaxation time which 

was assumed to be r = 0 above 750 K since the carriers are scattered only by acoustic phonons 

and r = 0.5 at RT, while the intervening values (300 – 750 K) were estimated by interpolation 

basing on a presumed linear dependence of r on temperature.  

The relationship of md
* values for doped 5%RE-doped Sr3Ti2O7 with temperature were 

examined, and are shown in Fig. 5-11. It can be clearly seen that at RT the md
* in 

(Sr0.95RE0.05)3Ti2O7 compounds are just a little higher than that of 10%Nb-doped Sr3Ti2O7 [1] 

and increases with the reduction of rRE
3+

 in general. Moreover, a remarkable growth in md
* 

appears in the high temperature region (above 650 K), reaching a large value (~ 7.5 mo at 1000 

K) comparable to that of cubic perovskite-type SrTiO3. By contrast, the md
* in 10%Nb-doped 

compound increases slightly from ~2m0 (at room temperature) to ~4m0 (1000 K).  

Therefore, in order to clarify the structural change possibly occurred during heating in 

the 5%RE-doped Sr3Ti2O7, high temperature X-ray diffraction (HT-XRD) measurement was 

carried out for 5%La- and Sm-doped Sr3Ti2O7, and the technical details have been described in 

Chapter 3. Then the collected HT-XRD data were analyzed by a Rietveld refinement method 

using the program Rietan2000. Shown below are the structural parameters derived from the 

Rietveld analysis, with respect to the lattice parameters and the O(3)-Ti-O(3) bond angles. 

Both the lattice parameters a and c increase with temperature in Nb-, La- and Sm-doped 

Sr3Ti2O7, although those for 10%Nb-dope compound are relatively larger than the RE-doped 

ones, due the size difference between the dopant ionic radii. The Ti-Ti distance along the [110] 

direction, which was considered as an important factor governing the md
* in cubic 

perovskite-type SrTiO3, increase almost linearly with temperature in the two series of RP 

compounds, while the distance in Nb-doped one is longer than those in RE-doped ones. 

Moreover, the O(3)-Ti-O(3) bond angle behaved as follows: In un-doped compound, the bond 

angle doesn’t change almost, while in Nb-doped compound, it decreases with temperature, but 

contrastingly, the bond angle increased gradually with temperature, approaching ~180˚ at ~750 
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K, which reflects that the local symmetry of the TiO6 octahedra could be effectively restored by 

small RE-doping, especially at high temperatures, in a view of the little difference in the 3 Ti-O 

bond lengths inside. 

Although the md
* in cubic perovskite-type SrTiO3 was reported to increase linearly with 

the increasing Ti-Ti distance in [110], originating from carrier localization as a result of lattice 

expansion, as shown in Fig.5-13, the md
* values in Ti-sites-Nb-doped SrO(SrTiO3)n (n = 1, 2) 

were observed to be almost independent of the Ti-Ti distances. Therefore, it was deduced (1) 

the small md
* values (~2.5mo) for Nb-doped RP phases are due to the crystal field splitting of Ti 

3d-t2g orbitals (splitting of degeneracy) by the presence of deformed TiO6 octahedra; (2) the 

effect of enlargement of md
* originating from carrier localization as a result of lattice expansion 

must be limited to structures with high symmetry TiO6 octahedra. 

Now, a fact is that although the Ti-Ti distances in (Sr0.95RE0.05)3Ti2O7 are relatively shorter 

than those for 10%Nb-doped Sr3Ti2O7, the md
* values of the former are much larger than the 

latter. Clearly, it implies that in the RP phases, md
* is predominantly affected not by the Ti-Ti 

distance but by another structural factor: the local symmetry of the TiO6 octahedra, especially 

the O(3)-Ti-O(3) bond angle in the (100) plane. 

As shown in Fig.5-14, as the O(3)-Ti-O(3) bond angle grows with temperature, the value 

of md
* increased gradually, with a rapid rate at high angles. At the O(3)-Ti-O(3) bond angle of 

~180˚, the md
* climbed up to a large value ~7.5m0, which is comparable to the date reported for 

La- and Nb-doped cubic perovskite-type SrTiO3, where the TiO6 octahedra are ideally 

symmetrical with a O(3)-Ti-O(3) bond angle at 180˚.  

So it can be inferred that with the improvement of the local symmetry of TiO6 octahedra in 

the RP compounds, the initially singly degenerate Ti 3d-t2g orbitals at low temperatures would 

have been probably shifted to a triply degenerate state as same as that in the cubic 

perovskite-type SrTiO3, that is to say, the DOS near the conduction band bottom are enhanced, 

which leads to an increase of md
*; under this prerequisite, the increasing Ti-Ti distance due to 

the accompanying thermal expansion starts to play effectively in enhancing the DOS and 

consequently the md
*. Figure 5-15 demonstrates this possible mechanism of the md

* growth. 

As a result, the Seebeck coefficient is greatly enhanced. This explains the different behavior in 

S between the RE-doped Sr3Ti2O7 and the Nb-doped ones.[11][12] 

5.4 Conclusions 

Dense polycrystalline ceramics of RE-doped Ruddlesden-Popper phases Srn+1TinO3n+1 
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were successfully fabricated, were measured for their thermoelectric properties, and were 

analyzed for their crystal structures by Rietveld refinement, at room temperature and high 

temperatures, to testify the potential for thermoelectric application and to clarify the special 

behavior in Seebeck coefficient from a viewpoint of the local symmetry of the TiO6 octahedra 

in the RP phases.  

By substituting small-sized RE3+ for Sr2+, the local symmetry of the TiO6 octahedra can be 

effective restored, especially at high temperatures owing to the enlargement of O(3)-Ti-O(3) 

bond angle in the (110) plane; 

The thermal conductivities of RE-doped Srn+1TinO3n+1(n = 1, 2) are remarkably lower than 

those of La- and/or Nb-doped cubic perovskite-type SrTiO3, decreased by ~50% (~5Wm/K) at 

room temperature and ~20% (~2.6Wm/K) at 1000 K, respectively, primarily due to the 

enhanced phonon scattering effect on the interfaces of SrO/(SrTiO3)n; 

The electrical conductivities of RE-doped Srn+1TinO3n+1(n = 1, 2) are rather smaller than 

those of La- and/or Nb-doped cubic perovskite-type SrTiO3, owing to the insulation of the 

randomly distributed SrO layers in the compounds; 

The Seebeck coefficients of RE-doped Srn+1TinO3n+1(n = 1, 2) are significantly related to 

the local symmetry of the TiO6 octahedra, especial the O(3)-Ti-O(3) bond angle in the (110) 

plane, rather than to the Ti-Ti distance along the [110] direction. Due to the restoration effect of 

local symmetry of the TiO6 octahedra at high temperatures, the density of states near the bottom 

of conduction band consisting of Ti 3d orbitals can be effectively enhanced, leading to a large 

md
* (~7.5m0 at 1000 K) which is comparable to those of La- and/or Nb-doped cubic 

perovskite-type SrTiO3; 

The highest ZT value obtained in 5%Gd-doped Sr3Ti2O7 is ~0.24 at 1000 K, which is 

~70% larger than the highest value achieved in Nb-doped RP compounds by 5%Nb-doped 

Sr3Ti2O7, but is only ~65% of 0.37, the highest ZT so far among the n-type thermoelectric 

oxides obtained in 20%Nb-doped SrTiO3, mainly due to the fairly smaller electrical 

conductivity in the RP compounds which is cause by the presence of numerous insulating SrO 

layers. Therefore, an effective way to further improve the thermoelectric performance of RP 

phases is to increase the conductivity by increasing the carrier mobility, crystal axis-oriented 

textured ceramics and the single crystal can be the potential solutions. 
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Fig. 5-1 Flow chart of experimental procedure for n-type Sr-site-RE(RE: La, Nd, 
Sm, Gd)-doped (Sr1-xREx)n+1TinO3n+1 (n = 1, 2; x = 0.05, 0.10) RP compounds. 
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Fig. 5-2 XRD pattern of Sr-site-RE-doped RP compound (Sr1-xREx)n+1TinO3n+1 (n = 
1, 2; x = 0.05, 0.10).  
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Fig. 5-3 RE radius dependences of the lattice parameters (a, c, and V) in the 
Sr-site-5%RE (RE: La, Nd, Sm, Gd;)-doped Sr3Ti2O7. 

 

 

Fig. 5-4 RE radius dependences of Ti-O bond lengths, Ti-Ti distance along [110], 

and O(3)-Ti-O(3) band angle in (100). 
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 Fig. 5-5 Temperature dependence of (a) electrical conductivity, (b) Seebeck 
coefficient, and (c) thermal conductivity for La- and Nd- doped RP compound 
(Sr1-xREx)n+1TinO3n+1 (n = 1, 2; x = 0.05, 0.1; RE: La, Nd). The data for 10%Nb-doped 
Sr3Ti2O7 in (a) and (b), and the thermal conductivity for 20%Nb-doped SrTiO3 were 
added as references for comparison.[8]  
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Fig. 5-6 SEM micrographs of hot-pressed (a) (Sr0.95La0.05)3Ti2O7 and (b) 
(Sr0.95Nd0.05)3Ti2O7 samples, polished and chemically etched with a diluted HF 
solution. 

 

Fig. 5 – 7 Temperature dependence of (a) power factor 2S σ , and (b) 
dimensionless figure of merit, ZT for La- and Nd-doped RP compounds 
(Sr1-xREx)3n+1TinO3n+1 (n = 1, 2; x = 0.05, 0.1), the data (filled squares) of 
20%Nb-doped SrTiO3 in (b) were added as a reference from Ref. 3. 
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Fig. 5-8 Temperature dependence of (a) electrical conductivity and (b) Seebeck 
coefficient for the 5%RE-doped Sr3Ti2O7 (RE: La, Nd, Sm and Gd). The data for 
10%Nb-doped Sr3Ti2O7 (filled circles) were added for comparison. The variation of 
carrier concentration ne and the Hall mobility Hallμ  with temperature are shown in the 
insert of (a).  

 
 

 
Fig. 5-9 SEM micrograph of un-doped Sr3Ti2O7 sample, polished and chemically 

etched with a diluted HF solution. 

20μm20μm
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Fig.5-10 Temperature dependence of (a) power factor S2σ, (b) thermal 
conductivity κ, and (c) the dimensionless figure of merit, ZT , of 5%RE-doped Sr3Ti2O7, 
the data of for 20%Nb-doped SrTiO3 [Ref.3 ] and 10%Nb-doped Sr3Ti2O7 quoted for 
comparison. 

 
 

 
Fig. 5-11 Temperature dependence of DOS effective mass md

* for the 
5%RE-doped Sr3Ti2O7 or Sr3Ti2O7 with the data (filled circle) of 10%Nb-doped 
Sr3Ti2O7 for comparison which were evaluated from the date in Ref. 1. 
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Fig. 5-12 Variation of (a) the lattice parameters of a, c, and V, and (b) the 
O(3)-Ti-O(3) bond angle in (100) for the 5%RE-doped Sr3Ti2O7 (RE: La and Sm) with 
temperature. The data for 10%Nb-doped Sr3Ti2O7 in (a, b) and for un-doped Sr3Ti2O7 
in (b) were added for comparison. 
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Fig. 5-1 DOS effective mass md
* as a function of Ti-Ti distance along the [110] 

direction for 5%RE-doped Sr3Ti2O7 at various temperatures. The data for cubic 
perovskite-type SrTiO3 and Nb-doped RP compounds were added for comparison. 

 

 

 
Fig. 5-2 DOS effective mass md

* as a function of the O(3)-Ti-O(3) bond angle in 
(100) plane. 
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Fig. 5-15 Schematic diagram for the mechanism of md
* growth in the RE-doped 

Sr3Ti2O7 compounds.
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Chapter 6 A review of Ruddlesden-Popper 
phases as oxide thermoelectrics 

In the present study on the thermoelectric properties of Ruddlesden-Popper phases, two 

series of n-type polycrystalline ceramics, i.e. Ti-site-Nb-doped [1,2] and Sr-site-RE (rare earth; 

RE = La, Nd, Sm, and Gd)-doped Srn+1TinO3n+1 [3-5] or SrO(SrTiO3)n (n = 1, 2), were prepared 

and investigated for their potential as thermoelectrics, and for searching solutions to improve 

the performance, based on the discovery of the best n-type oxide thermoelectrics, 

20%Nb-doped cubic perovskite-type SrTiO3. 

Among the RP phases Srn+1TinO3n+1 or SrO(SrTiO3)n (n = integer), the two first members 

were found to be stable and easily synthesized, and high density is achievable by hot-pressing 

fabrication. Relatively, the n = 2 compound, i.e. SrO(SrTiO3)2 or Sr3Ti2O7 are more stable 

thermodynamically, probably due to the relatively larger structural tolerance factor r, which is 

widely used to evaluate the structural stability of a perovskite crystal structure ABO3. Because 

in the n = 1 compound, i.e. SrO(SrTiO3) or Sr2TiO4, the A-site-located Sr cation is 9-fold but 

not 12-fold coordinate, thus the ionic radius is smaller than in the latter case, as a result, the r 

value is smaller than that in the n = 2 compound, which was proven by the experimental result 

that single phase of SrO(SrTiO3)2 or Sr3Ti2O7 was much more easily to achieve. Therefore, the 

n = 2 compound of RP phases is more hopeful. 

Furthermore, the thermoelectric performances of the n = 2 compound are better than the n 

= 1 one, the possible reason is that in the n = 1 compound there are more SrO layers in a space of 

same dimension, making it more electrically resistive, although the local symmetry of the TiO6 

octahedra is higher so as to supply larger Seebeck coefficient, as can been found in Fig. 5-5(a,c),  

Fig. 4-1and Fig. 4-2. This result also points out the n = 2 compound to be a better choice.  

Generally, these two series of RP compounds, either doped with Nb at the Ti-sites or with 

RE at the Sr-sites, show some similar properties in thermal stability, thermal conductivity and 

electrical conductivity, meanwhile, but differ from each other in the characteristics relating to 

the crystal structure, especially at high temperatures, and to the Seebeck coefficient. 

6.1 Thermal stability 

Both these two series of RP compounds are basically stable at high temperature region; the 

carrier concentration shows no apparent decrease even above ~900 K, as revealed by the Hall 

Effect measurement. 



 94

6.2 Thermal conductivity  

The thermal conductivities for the two series of RP compounds show very similar 

behaviors, ranging from ~5 Wm−1K−1
 at room temperature to ~2 – 3 Wm−1K−1 at 1000 K, which 

is mainly due to the suppression of lattice transport contribution as a result of enhanced phonon 

scattering at the interfaces of SrO/(SrTiO3)n, because the  contribution from the carrier 

transport in these compounds are all very low relative to the total conductivity. This can be 

explained that the crystal structures are very close to each other, while the carrier concentration 

and the carrier mobility are similar and low, thus the different-site doping will not differ in their 

effectiveness on suppressing the thermal conductivity. The slightly larger κ values in the 

RE-doped compounds at high temperature might be due to the improved symmetry of TiO6 

octahedra which is inferior in phonon scattering.  

6.3 Electrical conductivity 

The electrical conductivities of the both series of RP compounds are also very close, 

although exhibiting some difference in magnitude due to different doping level, and are quite 

lower as compared to the end member of RP phase, cubic perovskite-type SrTiO3, even at a 

similar carrier concentration. This dissimilarity is an appearance of their inner difference in 

crystal structure, that is, in RP phases, there are a large number of SrO layers which are 

electrically insulating, no matter what sites are doped aliovalently. This is mainly determined 

by the band structures in these compounds, which are all composed of a conduction band of Ti 

3d orbitals, and a valence band of O 2p orbitals, with a band gap ~3.4 eV. That is the reason why 

they all show a T-1.5 behavior in the temperature dependence above ~750 K, and why the carrier 

transport takes place predominantly within the perovskite-type (SrTiO3)n layers. 

6.4 Crystal structure 

The crystal structure of the two series of RP compounds are generally same, with a 

superlattice structure built up by alternatively stacking a single NaCl-type layer of SrO and a 

slab of perovskite-type (SrTiO3)n. The structural differences are brought about by different-site 

doping. Beside the lattice contraction or expansion, the most important characteristic is that, 

when doped at the Sr-site with RE, the smaller dopant ionic radius, the higher local symmetry of 

the TiO6 octahedra, maybe due to the fact that the small-sized RE3+ fits the limited space of the 

9-fold coordinate site where they preferentially settle down, furthermore, the symmetry can be 

improved effectively with increasing temperature, due to the enlargement of the O-Ti-O bond 
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angle in the a-axis direction in the (100) plane. However, in Ti-site-Nb-doped case, when 

temperature increases, the O-Ti-O bond angle decreases gradually, aggravating the initially 

distorted TiO6 octahedra. This structural difference is critical, since only in a high symmetry 

state, can the Ti 3d orbitals degenerate triply (t2g), i.e. into the three states of 3dxy, 3dyz and 3dxz, 

at a same energy level, to produce a large density of states (DOS) near the conduction band 

bottom, otherwise, like in the case of Ti-site-Nb-doped compounds, the Ti 3d orbitals 

degenerate singly (3d-a1g), i.e. 3dxy only, so the DOS near the conduction band bottom will be 

much smaller than the former case. 

6.5 Seebeck coefficient 

As described above in 4, the local symmetry of the TiO6 octahedra between the two series 

of RP compounds has a significant effect on the DOS near the conduction band bottom. Thus, at 

high temperatures, the md
* values in Sr-site-RE-doped compounds are much larger than those in 

Ti-site-Nb-doped ones. Since the DOS effective mass md
* is one of the decisive factors of S, the 

RE-doped compounds at a similar ne exhibit relative larger S at high temperatures. 

6.6 Dimensionless thermoelectric figure of merit, ZT 

Benefited from the much larger S, the small-sized RE-doped compounds give rise to a 

fairly larger ZT at high temperatures, and the highest ZT obtained in 5%Gd-doped Sr3Ti2O7 is 

~0.24 at 1000 K, which is ~70% larger than the highest ZT ~0.14, but is only ~65% of ~0.37 the 

highest ZT among the n-type oxide thermoelectrics so far. The primary reason is the lower σ in 

the RP compounds than those in the La and/or Nb-doped cubic perovskite-type SrTiO3 

ceramics or single crystals. The realization of the higher σ in the RP compounds should be 

directed to the enlargement of carrier mobility by regularly aligning the crystal orientation, 

potential solutions include single crystals and crystal axis-oriented textured ceramics. 
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Chapter 7 Prospect for future research 
The study of the thermoelectric properties of Ruddlesden-Popper (RP) phases 

Srn+1TinO3n+1 or SrO(SrTiO3)n reveals that the performance of the RP phases, although 

improved by crystal structural engineering of the restoration of the local symmetry of the TiO6 

octahedra, still can’t surpass the existing champion of n-type thermoelectric oxide, 

20%Nb-doped SrTiO3, set alone to compete with the p-type ones. But what can we do for the 

next? 

Now the bottleneck of the RP phases as thermoelectric oxides lies in the limited σ, since 

the local symmetry of the TiO6 octahedra can be restored by suitable doping so that the large 

md
* is achievable. In view of the Seebeck coefficient decrease with the carrier concentration, 

measures should be taken from the direction of increasing the carrier mobility, and the 

following are some considerations as potential solutions. 

(1) From the viewpoint of “the less SrO layers in a crystal cell, the more electrically 

conductive”, the RP phases with a larger n would have better thermoelectric performance; 

nevertheless, it may bring out some other problems, e.g. the stability of those compositions, and 

the distortion of the local symmetry of the TiO6 octahedra. Actually, J. H. Haeni [1] and his 

coworkers have successfully prepared the epitaxial films of the first five members of the 

Sr-Ti-O Ruddlesden–Popper homologous series, i.e., Sr2TiO4, Sr3Ti2O7, Sr4Ti3O10, Sr5Ti4O13, 

and Sr6Ti5O16, by reactive molecular beam epitaxy (RMBE), but no thermoelectric properties 

have been investigated. So in a suitable manner, it is possible to prepared the RP phases with 

n>2. Another interesting report is that a series of novel layered “NaCl-type Sr-Ti-O 

superlattices” of SrmTiO2+m phases [2] having one TiO2 layer sandwiched between m SrO layers 

have been successfully grown using molecular beam epitaxy (MBE), which is possibly helpful 

to find better Ti-based oxide thermoelectrics. It seems that the compounds with a multilayered 

structure are more realizable in the form of films. The techniques such as RMBE, MBE, pulsed 

laser doposition (PLD), metal organic chemical vapor deposition (MOCVD), and chemical 

vapor deposition (CVD), and etc., have enabled us to “assemble” many new materials and can 

supply us with more selections for novel layered structures. 

(2) In a conventional polycrystalline ceramics, the crystallites are very tiny and are usually 

randomly distributed, it can greatly affect the carrier transport when the electrical conduction is 

anisotropic in the crystal, and it is the case that the insulating-SrO-layer-containing samples 

prepared in this research showed rather lowered electrical conductivities than La- and/or 
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Nb-doped cubic perovskite-type SrTiO3 which are isotropic semiconductors, as considered to 

be a bottleneck of the improvement of thermoelectric performance. Therefore, to align the 

crystallites unidirectionally is a solution to increase the electrical conductivity and the ZT value 

for these RP compounds. Reactive templated grain growth (RTGG) and templated grain growth 

(TGG) have been widely applied in textured ceramics fabrication, [3-6] which have shown 

special effectiveness in improving the electrical conductivity.  

The reports [7,8] on the synthesis of platelet Sr3Ti2O7 showed us the potential in the 

crystal-axis oriented textured ceramics fabrication, while no information on the  

thermoelectric properties have been given. It still remain an interesting research blank, 

therefore, the textured ceramics fabrication can be another consideration. 
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