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ABSTRACT

The two n-type (Bi,Te;)Se; semiconductor samples were grown from Bi,Tes
and Bi,Se; components using traveling heater and pulverized methods.
Thermoelectric properties such as electrical conductivity and Seebeck coefficient
have been measured in a temperature range 11-373 K using Harman technique. At
the room temperature, the Z parameter has been calculated as 4.1x10~ K™ and
2.4x107 K for the samples grown by the traveling heater methods, respectively.

Key Words: Traveling heater and heat pressing methods, Harman technique,
thermoelectric properties

N-TIPI (Bi2Te3)Se3 YARIILETKEN KRiSTALLERIN 11-373 K SICAKLIK
ARALIGINDA TERMOELEKTRIK KARAKTERIZASYONU

OZET

Iki adet n-tipi (Bi,Te;)Se; yariiletkeni Bi,Te; ve Bi,Se; bilesimlerinden, bélge
eritme ve presleme yontemi ile biyiitlildi. Bu yarniletken numunelerin
termoelektrik ozellikleri; elektriksel iletkenlik ve Seebeck kat sayis1 11-373 K
sicaklik araliginda Harman teknigi kullanilarak ol¢tildii. Oda sicakliginda, Z
parametresi bolge eritme yontemi ile biiyiitilen numune i¢in  4,1x107° K
presleme yontemi ile bilyiitilen yariiletken numune ig¢in 2,4x10° K™ olarak

hesaplandi.

Anahtar Kelimeler: Bolge eritme ve presleme yontemi,

Termoelektrik 6zellikler.

1. GiRiS

Ist enerjisini direkt olarak elektrik enerjisine
doniistiirme ya da bunun tersi olan elektrik enerjisini en
yiiksek verimle sogutma sistemlerinde kullanmak son
yillarin 6nemli bir arastirma ve uygulama konusu olmustur
(1-5). Bu ozelliklere sahip materyaller termoelektrik
materyaller olarak adlandirilirlar. En iyi termoelektrik
materyaller Bi,Te; bazli yaniletkenlerdir (5-7). Bu
yariiletkenler; sogutma sistemleri ve jeneratdrlerden uzay
teknolojilerine varincaya kadar yaygin bir kullanim alani
bulmustur. Gliniimiizde en yaygin olarak kullanilan ve en
ilgi ¢ekici Ozelliklere sahip olan yariiletken materyal
(Bi,Te;)Se; bilesigi ve sentezleridir. Daha yiiksek verime
sahip termoelektrik materyaller iiretmek igin caligmalar
yapilmaktadir. Bir materyalin termoelektrik uygulamalar
icin uygun materyal olabilecegini Z parametresi belirler.
Termoelektrik materyali karakterize eden Z parametresi;
Olgiilebilir nicelikler olan elektriksel iletkenlige (o),
Seebeck kat sayisina (a) ve 1s1l iletkenlige (1) baghdir. Z
parametresi

Harman teknigi,

1. INTRODUCTION

Recently, the transfer of the thermal energy to
electrical energy or, oppositely to this, to use of electrical
energy in cooling systems are of importance in the
research and application concept (1-5). The material,
which has these properties, is called as thermoelectric
material. The Bi,Te; semiconductor materials are widely
used thermoelectric materials (5-7). These materials find a
wide spread application from cooling systems, power
generators to space industry. The compound and synthesis
of (BiyTes)Se; semiconductor have attractive properties
and are most used in the energy transfer technology.
Nowadays, the study of to produce the best quality of
thermoelectric materials are carried out by scientist. The
quality of thermoelectric material is described by the Z
parameter. The Z parameter, which characterizes the
thermoelectric material, is dependent on the measured
quantities such as electrical conductivity (o), Seebeck
coefficient (o) and thermal conductivity (A) and is given as
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bagntis1 ile hesaplanir. Yukarida verilen bagintidan
termoelektrik olarak yiiksek verime sahip bir termoelektrik
numunenin yiiksek Seebeck kat sayist ve dzdirence diisiik
1s1 iletkenlige sahip olmas1 gerektigi goriilmektedir.

Bu c¢alismada iki farkli yontemle termoelektrik
materyal tretilmesi ve termoelektrik analizleri yaparak
hem iki biiylitme yonteminin kryaslanmasi hem de iiretilen
bu numunelerin termoelektrik uygulamalarda
kullanilabilirliginin belirlenmesi amaglanmustir.

2. MATERYAL VE METOT

Bu calisgmada o&zellikleri incelenen numuneler bdlge
eritme (Traveling heater method) ve presleme yontemi
(Pulverized and intermixed elements sintering method) ile
biiyiitilmiistiir (8-11). Bolge eritme tekniginde; n-tipi
yariiletken numune; Bi,Te;+Bi,Se; toz halinde iki ayri
bilesimden bolge eritme sisteminde, 8 mm kuvartz tiip
icinde, 1,3x10® atm basing’ta ve 706°C sicaklikta
biiyitiilmiistir. Bu sistemde, diisey konumda duran
kuvartz tiipli cevreleyen 1sitict sabit bir hizla diisey
eksende hareket etmektedir. Presleme yonteminde ise
benzer bilesimler 7 mm kenar uzunluguna sahip kare
prizma kapta 400°C sicaklikta ancak 7x10° Pa basingta
ayni sistemde preslenerek biiyiitilmiistiir.

Sicakliga bagl iletkenlik 6lgtimlerinde Harman teknigi

kullanilmistir ~ (12). Harman tekniginde iletkenlik
asagidaki ifade ile verilir.
Vil 2]

o=
V.R.A

x

Burada R, ve V; sirasiyla seri diren¢ ve direng {izerinde
diisen potansiyel farki, ¥, numune iizerinde diisen
potansiyel farki, / yariiletken numunenin uzunlugu ve 4
kesit alanidir.

Seebeck katsayisinin  Slgiimleri igin 1sitict  sistem
kullanilarak numunenin bir yiizeyi isitilmistir. Bu yolla
numunenin alt ve st uglar1 arasinda bir sicaklik farki

(A ¢ meydana getirilmistir. Ayni zamanda bu uglar
arasinda olusan termoemk (E), yiiksek empedansh
Keithley 614 elektrometre ile dl¢lilmiistiir. Seebeck kat
say1st agagida verilen bagintiyla hesaplanir.

E

=— (3]
At

[2

Bir yariletkende 1s1 iletimi serbest yiik tastyicilarindan
(A;) ve fononlardan (A;) gelen katkilarin toplamidir
(A=A, +)e). Katkili yariiletkenlerde 1s1 iletimine, iletkenlige
bagli ve A, 'nin 1s1l iletkenlige katkisinin olduk¢a Snemli
olmasina karsin fononlarin katkisi sabittir. Bu ¢alismada

termoelektrik  Ozellikleri incelenen numuneler igin
6<2,5.10°Q"em™ oldugundan
, 2k?
A=98.10"" +——oT [4]
e

bagntis1 kullanildi (5).

a o [

As it can be seen from Eq. 1, the best thermoelectric
material must have a high Seebeck coefficient and low
electrical and thermal conductivity.

In this work, the studied thermoelectric materials have
been grown by two different methods, the thermoelectric
properties of the thermoelectric materials grown by two
different techniques have been discussed, and their
appropriateness to the related industry is described.

2. MATERIALS AND METHODS

In this paper, the studied materials were grown by both
traveling heater (or it is also called the melting zone) and
Pulverized and intermixed elements sintering methods (8-
11). In the traveling method, n-type semiconductor
samples were grown from the powder of Bi,Te;+Bi,Ses
components, at the pressure of 1,3x10% Atm and 706 °C in
a 8 mm high quartz tube. In this growth system, the heater
that surrounds the quartz tube moves in the vertical
position. In the pulverized method, using same
components n-type semiconductor material were grown in
a square-prism  shaped ampoule under the pressure of
7x10° Pa at the temperature of 400 °C.

The temperature dependent conductivity measurement
were carried out using Harman technique (12). In this
technique the conductivity is given as

oo N 2]
V.R.A

In Eq. 2. R;and V; serial resistance and serial resistance
potential, respectively, V, potential difference at the
sample, / the length of sample and 4 is the cross-section of
the sample.

At the Seebeck measurement, one side of the sample
were heated to obtain a temperature difference (At)
between two sides of the sample. The thermoelectric
power (E) were measured using a high impedance
Keithley 614 electrometer. The Seebeck coefficient is
defined below

E

At
In a semiconductor the thermal conductivity is a sum of
the contributions from free charge carriers (A.) and
phonons (), (A=Ay+Ae). In doped semiconductors, the
thermal conductivity is strongly dependent on the
electrical conductivity and (A.). However, the contribution
from phonons to the thermal conductivity is a constant.

Since for the studied samplec <2,5.10°Q"cm™, the
below equation for the thermal conductivity is used (5);

2
1=98.107 +%ar [4]
e

(3]

a
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3. BULGULAR VE TARTISMA

Her iki numune icin oda sicakligindaki elektriksel
iletkenlik, 1sil iletkenlik, Seebeck kat sayisi ve Z
parametreleri Cizelge 1°de verilmistir. Z parametresinin
bélge eritme yontemi ile bityiitillen numune i¢in 4,1x107
K presleme yontemi ile biiyiitillen yariiletken numune
icin  2,4x10° K oldugu Cizelge 1°de acikca
goriilmektedir. Benzer ¢alismalarda Z parametresinin
degeri 2,1x10° K" ile 4,5x107 K! arasinda degismektedir
(5). Termoelektrik materyaller icin Z parametresi kadar
6nemli olan diger bir parametrede Seebeck kat sayisidir.
Seebeck kat sayisi bolge eritme ydntemi ve presleme
yontemi ile biiyiitiilen numuneler i¢in sirastyla 178 pV/K
ve 283 uV/K diir. Benzer ¢aligmalarda bu degerler ise
150-320 pV/K araliginda degismektedir (7,13). Bu
degerler, bizim ¢aligmamizda biiyiitillen ve termoelektrik
ozellikleri  incelenen  yariiletkenlerin  termoelektrik
uygulamalar i¢in olduk¢a cazip materyaller olduklarini
gostermektedir.

3. RESULTS AND DiSCUSSION

For both samples at the room temperature the measured
thermal and electrical conductivity, Seebeck coefficient
and the obtained Z parameter values are given in Table 1.
It is clearly seen that Z parameter obtained from traveling
heater method (4.1x10” K™ ) is higher than obtained the
pulverized method ( 2.4x107 K", In similar works (5) the
value of Z parameter changes from 2.1x107 K™ to 4.5x10°
> K. Similarly Seebeck coefficient obtained from
traveling heater and pulverized methods is 178 pV/K and
283 uV/K, respectively. In the literature (7.13), Seebeck
coefficient changes from 150 pV/K to 320 uV/K. The
obtained values of Z parameter and Seebeck coefficient
indicate that the produced thermoelectric semiconductors
in this work are desirable materials for thermoelectric
applications.

Table 1.Thermoelectric parameters of (Bi,Tes)Se; semiconductor at 300 K
Cizelge 1. (Bi,Te;)Se; yariiletkenlerinin 300 K’deki termoelektrik parametreleri

Sample/ numune o (Q'em™) o (LV/K) A (107 WenvK) Z (10°K™")
Trav. Heater M./ Bolge 565 283 11 4.1
eritme
Pulverized M./ presleme 900 178 11.7 2.4
Olgiilen parametrelerin 11-373 K arasinda sicakliga Temperature  dependent  electrical ~ conductivity,

bagli degisimi Sekil 1-3’te verilmistir. Grafiklerden
goriildiigli gibi bolge eritme yoOntemi ve presleme ile
iretilen numunelerin elektriksel ve 1s1 iletkenlikleri ve
Seebeck katsayilar1 sicaklikla hemen hemen benzer
davranis sergilemektedirler. Ancak bdlge eritme yontemi
ile elde edilen kristalin Seebeck kat sayist daha biiyiikken
elektriksel ve 1s1 iletkenlikleri daha disiiktir. Sekil 4’te
gosterildigi gibi, bolge eritme yontemi ile elde edilen
numunenin Z parametresi presleme ile tiretilene gore o, o
ve A parametrelerine bagl olarak daha yiiksektir.

Seebeck coefficient and thermal conductivity for both
samples are given Fig. 1-3. It can be seen from Fig. 1-3
that electrical conductivity, Seebeck coefficient and
thermal conductivity for both samples grown by two
different techniques exhibit a similar behavior with
temperature. However, the Seebeck coefficient for the
sample obtained traveling heater method is higher than
that of obtained from the pulverized method while thermal
and electrical conductivities are low. In contrast to this, as
it can be seen from Fig. 4 the Z parameter obtained from
the pulverized method is higher than that of traveling
heater method since it dependents on o, o and A.
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Figure 1. The variation of conductivity with temperature
Sekil 1. iletkenligin sicakliga bagh degisimi
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Yart metaller grubunu olusturan (Bi,Te;)Se; gibi
yariiletkenlerde  serbest yiik tagtyicilarinin  sabit
kalmasindan dolay1r Sekil 1’den gorildigi gibi iki
numunenin iletkenligi sicakliga bagl olarak azalmaktadir.
Ayrica metallerden farkli olarak elektriksel iletkenligin
sicaklikla tam lineer degismemesinin nedeni elektronlarin
etkin kiitlelerinin sicaklikla degismesidir (7). Sekil 1’den
goriildiigli gibi bolge eritme yontemi ile elde edilen
numunede lineerlik presleme ile iiretilene gére daha iyidir.
Bolge eritme ile biiyiitillen numunede oda sicakliginin
altinda ve tstiinde iki lineer bolge, presleme ile biiyiitiilen
numuneye gore daha belirgindir. Oda sicakliginin altinda
elektronlarin fononlar tarafindan siiriiklenmesi baskin iken
yiiksek sicakliklarda fonon elektron sagilmasi baskindir.
Bu nedenle oda sicakliginin iizerinde iletkenlik daha hizli
bir sekilde azalmaktadir.

As it can be seen from Fig. 1, the electrical
conductivity of both samples decreases with increasing
temperature since (BiyTe;)Se; semiconductor is consist of
the elements of semimetal group. In addition to this, the
electrical conductivity dos not exhibit a full linearity with
the temperature because of the temperature dependence of
the effective mass of electron (7). As it can be seen from
Fig. 1, the linearity for the sample obtained traveling
heater method is better than that of the pulverized method.
Below the room temperature, the electrons are drifted by
phonons while phonon—electron scattering is dominant at
high temperatures. Therefore, the conductivity quickly
increases above the room temperature.
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Figure 2. The variation of Seebeck coefficient with temperature
Sekil 2. Seebeck kat sayisinin sicakliga bagl degisimi

Sekil 2’de verilen Seebeck kat sayisinin sicakliga gore
degisimi loffe teorisi ile uyum igerisindedir (5). Bu teoriye
gore yart metallerde elektron yogunlugunun degisen
sicaklikla sabit kalmasina karsin, o’nin hem sicakliga, hem
de aym1 zamanda sicaklikla degisen elektronun etkin
kiitlesine ve elektron sagilma mekanizmalarina baglidir.
Bu iki neden diisiik ve yiiksek sicakliklarda kendini daha
cok gostermektedir. Ara sicakliklarda ise ele alinan
numunelerde oldugu gibi ve teoriye de uygun bir sekilde a
sicaklikla dogru orantili olarak degismektedir. Sekil 2’de
goriildiigli gibi bolge eritme yontemi ile elde edilen
numune i¢in o’nin degeri presleme yontemi ile iiretilen
numuneye gore biitlin sicakliklarda daha yiiksektir.

The variation of the Seebeck coefficient, given in Fig.
2, is in agreement with loffe theory (5). According to this
theory, Seebeck coefficient (o) dependent on temperature,
the electron scattering mechanism and the effective mass
of electron, which also changes with temperature, while
the electron density in semimetal dos not change with
temperature. These two statements are sensible in both
low and high temperature. At intermediate temperatures
Seebeck coefficient dos not exhibits a linear behavior with
temperature. At all temperatures the values of Seebeck
coefficient obtained traveling heater method is higher than
that of the pulverized method (see Fig. 2).
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Figure 3. The variation of thermal conductivity with temperature
Sekil 3. Isil iletkenligin sicakliga bagl degisimi

Katilarda 1s1l iletkenligi agiklayan tam bir teorik model
olmamasina ragmen ancak nitel olarak 1s1l iletkenlik diisiik
sicakliklarda  artan  sicaklikla  artarken,  yiiksek
sicakliklarda  artan  sicaklikla  azalmaktadir  (5).
Yariiletkenlerde 1s1l iletkenlik, maddenin 1s1l 6zelliklerine
bagli olmakla beraber yariletkenin bant yapisina, optik
ozelliklerine, kristal orgiiniin kusurlarina ve atomik bag
sekillerine de baghdir. Yiksek sicakliklarda, o6zellikle
Debye sicakligimin istiindeki sicakliklarda, elektronlarin
fononlar iizerinden sagilmasindan ve fononlarin 1s1
transferinde katkilarinin artmasindan dolay1 artan sicakliga
gore 1s1 iletkenlikte bir azalma olacaktir (5). Kristal 6rgii
kusurlari artik¢a 1s1l iletkenlik artmaktadir. Bolge eritme
yontemi ile elde edilen numunede presleme yontemi ile
elde edilen numuneye goére daha az Orgii kusuru
oldugundan bu kristalde 1s1l iletkenligi digerine goére daha
disiiktiir.

Although there is no a theoretical model which
explains thermal conductivity in solids, at low temperature
the thermal conductivity increases as temperature as the
temperature increases, at high temperature decreases with
decreases temperature (5). Thermal conductivity in a
semiconductor depends on the thermal properties of the
material as well as it depends on the band structure, optic
properties, crystal defects and atomics bonds. At high
temperature, particularly above the Debye temperature, the
electron scattering by phonons and the contribution to the
heat transfer from phonons increases (5). Therefore, the
thermal conductivity must decreases as the temperature
increases. On the other hand, the thermal conductivity also
increases with the increasing defect density in
semiconductors. The thermal conductivity for the sample
grown by traveling heater method is lower than that of the
pulverized method since the defect density in the sample
grown by traveling heater method is lower than that of
other method.
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Figure 4. The variation of Z parameter with temperature.
Sekil 4. Z parametresinin sicakliga bagh degisimi
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Es.1’den de anlasildig1 gibi Z parametresi, (c), (o) ve
()  degerlerine bagli olarak sicakliga gore degisim
gosterecektir. (BiTes)Se; gibi bilesikleri i¢in yapilan
teorik  aragtirmalara gore orta sicakliklarda Z
parametresinin sicaklia gore once arti1 daha sonra bir
maksimumdan gegerek azaldigi bilinmektedir (5,7).

Sekil 4’ten agik¢a goriildiigii gibi Z parametresi goz
Oniine alinan sicaklik araliginda iki numune igin de
deneysel sonuglar Ioffe teorisi ile uyum icerisinde oldugu
goriilmektedir. Elde edilen sonuglara goére tim sicaklik
araliklart i¢in eritme ydntemi ile elde edilen kristalin Z
parametresi presleme yontemi ile elde edilen numuneye
gore daha yiiksek olmustur. Her iki numunenin de Z
parametreleri oda sicaklifi civarinda maksimum degere
sahiptir. Bu nedenle termoelektrik modiller igeren
jeneratér ve sogutma sistemleri oda sicakligi civarinda
maksimum verimde calisabilirler. Z parametresi sicakliga
bagli olarak bir degisim sergilemektedir. Termoelektrik
modiiller kullanilarak iiretilen jeneratdr ve sogutma
sistemlerinde Z parametresindeki bu degisim gdz Oniinde
tutulmalidir.

Bolge eritme yontemi ile biiyiitiilen numunenin Seebeck
kat sayisinin daha yiiksek 1s1l iletkenliginin ise daha diisiik
olmast bu numunenin Z parametresinin daha yliksek
olmasinit saglamustir. Bu nedenle termoelektrik modiillerin

tretiminde bdlge eritme ile {retilen numunelerin
kullanilmas1 uygundur.
4. SONUC

Bu ¢alismada ayni alasimlardan iki farkli yontemle iki
yariiletken numune bilyiitlilerek termoelektrik 6zellikleri
arastirildi.  Biyiitillen ve oOzellikleri incelenen her iki
numune i¢inde elde edilen degerler dikkate alindiginda
benzer caligmalarda elde edilen degerlerle uyum icersinde
oldugu gézlenmektedir.

Bolge eritme yontemi ile elde edilen numunenin
termoelektrik giicli ve numunenin kalitesini belirleyen Z
parametresinin presleme yontemi ile biiyiitiilen numuneye
gore onemli dlgiide daha yiiksek oldugu elektriksel ve 1sil
iletkenligin ise daha diisiik oldugu gézlenmistir.

Z parametresinin tanimi geregi; yiiksek Z parametresi
icin Seebeck kat sayismmin ve elektriksel iletkenligin
biiytik, 1s1l iletkenligin ise kiiclik olmasi gerekir. Bolge
eritme ve presleme yontemi ile elde edilen numunelerin
ilgili  parametreleri kiyaslandiginda bolge eritme
yonteminin presleme yontemine gore daha yiiksek
Seebeck katsayisi ve diisiik 1s1l iletkenlik saglamasindan
dolayr bu yontem presleme yoOntemine gore daha
avantajlidir. Dezavantaji ise bu ydntemin presleme
yontemine gore elektriksel iletkenliginin daha diigiik
olmasidir. Ancak bdlge eritme yontemi ile yiiksek
iletkenlikli numuneler iiretilmesi igin ¢aligmalar yapilmasi
Z parametresinin verimini daha da artiracaktir.

As it can be understood from the Eq. 1, the temperature
dependent of the Z parameter is governed by the
temperature dependents of o, A and a. According to
theoretical studies on (Bi,Te;)Se; compounds (5,7), at the
intermediate temperature it is known that the thermal
conductivity firstly increases, then decreases by making a
maximum as the temperature increases.

As it can be seen from Fig. 4, the obtained Z
parameters for both samples are in an agreement with the
obtained ones from loffe theory at the studied temperature
range. It is found that Z parameter for the sample grown
by traveling heater method is higher than that of the
pulverized method. The Z parameter of both samples has a
maximum at near room temperature. The generators and
cooling systems, which include thermoelectric modules,
can work with a maximum gain at room temperature.
Therefore, the temperature dependence of Z parameter
(see Fig. 4) must be considered in developing of the
generators and the cooling systems including
thermoelectric modules.

A high Seebeck coefficient and a low thermal
conductivity result in a high Z parameter in the sample
grown by traveling heater method. Therefore, it is also
more convenient to use of the samples grown by traveling
heater method in the development of thermoelectric
modules.

4. CONCLUSION

In this work, two thermoelectric semiconductor
samples were grown by two different methods using same
alloy and their thermoelectric properties were investigated
in a temperature range of 11-373K. The obtained
thermoelectric properties of the studied samples have been
shown that a similar temperature dependence with the
literature.

Thermoelectric power and Z parameter, which
describes the thermoelectric quality of semiconductor, of
the sample grown by traveling heater method is higher
than that of grown by the pulverized method while it has
lower electric and thermal conductivity.

According to definition the Z parameter, a high Z
parameter requires a high Seebeck coefficient and
electrical conductivity and low thermal conductivity.
When the related parameters of the sample obtained from
the traveling heater method are compared with those of
obtained from the pulverized technique, the traveling
heater method has some advantages upon the pulverized
method since traveling heater method produces a higher
Seebeck coefficient and a lower thermal conductivity than
the pulverized method. It is a disadvantage to exhibit a
lower electrical conduction of the sample grown by this
technique with respect to the pulverized method.
However, the studies on the production of the
thermoelectric semiconductor, which has a high electrical
conductivity, using the traveling heater method will
increase the fruitful of the Z parameter.
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