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STRUCTURAL, ELECTRICAL, AND THERMOELECTRICALPROPERTIES OF (Bi1�xSbx)2Se3 ALLOYS PREPAREDBY A CONVENTIONAL MELTING TECHNIQUEE. Kh. Shokr, E. M. M. Ibrahim *, A. M. Abdel Hakeem, A. M. AdamPhysi
s Department, Fa
ulty of S
ien
e, Sohag University82524, Sohag, EgyptRe
eived June 18, 2012Poly
rystalline solid solutions of (Bi1�xSbx)2Se3 (x = 0, 0:025, 0:050, 0:075, 0:100) were prepared using a fa
ilemethod based on the 
onventional melting te
hnique followed by annealing pro
ess. X-ray analysis and Ramanspe
tros
opi
al measurements revealed formation of Bi2Se3 in single phase. The ele
tri
al and thermoele
tri
properties have been studied on the bulk samples in the temperature range 100�420 K. The ele
tri
al 
ondu
-tivity measurements show that the a
tivation energy and room-temperature ele
tri
al 
ondu
tivity dependen
eson the Sb 
ontent respe
tively exhibit minimum and maximum values at x = 0:05. The thermoele
tri
 powerexhibited a maximum value near the room temperature suggesting promising materials for room-temperatureappli
ations. The highest power fa
tor value was found to be 13:53 �W � K�2 � 
m�1 and re
orded for thex = 0:05 
ompound.DOI: 10.7868/S00444510130101911. INTRODUCTIONThermoele
tri
 materials have attra
ted the e�ortsof many resear
h groups worldwide due to the wideappli
ations ranging from a green power sour
e to pho-ton sensing devi
es. These materials 
an transform thetemperature gradient to ele
tri
 power or vi
e versa a
-
ording to the Seebe
k e�e
t or the Peltier e�e
t. Theyare regarded as sour
es of green power, where they useall kinds of energy su
h as waste heat, solar energy,radiant heat, et
. Furthermore, thermoele
tri
 materi-als are reliable energy 
onverters and have no environ-mentally harmful �uids, noise or vibrations, be
ausethere are no me
hani
al moving parts. Devi
es basedon this te
hnology 
an be manufa
tured in very smallsizes, whi
h enable appli
ation to lo
alized areas withpre
ise temperature 
ontrol [1; 2℄. Among all thermo-ele
tri
 materials, narrow-band layered semi
ondu
tingsolid solutions with AV2 BVI3 of the tetradymite stru
ture(where A is Bi or Sb and B is Se or Te) �nd variousappli
ations in the �eld of thermoele
tri
 devi
es [3℄,whi
h makes them interesting for both theoreti
al andapplied investigations [4�8℄.*E-mail: e.ibrahim�s
ien
e.sohag.edu.eg

The e�
ien
y of a thermoele
tri
 power material
an be evaluated by its power fa
tor. Be
ause it isexpressed as P = S2�, where S is the Seebe
k 
oe�-
ient and � is the ele
tri
al 
ondu
tivity, it is a 
arrier-
on
entration-dependent fa
tor [9; 10℄. Intensive stud-ies have been performed on the e�e
t of doping on thebismuth selenide material. Be
ause it is a narrow-gapsemi
ondu
tor, its doping with 
ertain impurities re-sults not only in 
ontrolling the free 
arrier 
on
entra-tion but also in the appearan
e of a range of strongunusual properties that are not 
hara
teristi
 for theundoped material itself [11�16℄. For example, dopingBi2Se3 by some IIIA elements su
h as In or Tl in
reasesthe power fa
tor by as mu
h as 25% [11�13℄. Further-more, a

ording to Ref. [14℄, a 
rossover of the Seebe
k
oe�
ient sign o

urs for Bi2Se3 material by in
orpo-ration of Pb at a high level.This paper presents a fa
ile method for preparingSb-doped Bi2Se3 alloys. A study on the e�e
t of theSb 
ontent on stru
tural, ele
tri
al, and thermoele
tri
properties has been 
arried out with the aim to �ndthe optimum doping level that gives the highest powerfa
tor. The preparation method based on the 
onven-tional melting method o�ers the advantages of a sim-ple, inexpensive and su

essful te
hnique for prepar-ing poly
rystalline materials with single phase. The191
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-tion (XRD), Raman spe
tros
opy, s
anning ele
tronmi
ros
opy (SEM), and energy dispersive X-ray spe
-tros
opy analyses (EDXA) in order to identify the mi-
rostru
ture, surfa
e morphology, and stois
hiometry.2. EXPERIMENTALThe poly
rystalline alloys under investigation wereprepared from high-purity (99.99%) powder elementsfrom Aldri
h. The alloys were formed by melting themixture of the pure elements at 1000 ÆC in a sili
a tubesealed under va
uum (10�5 Torr). The melting dura-tion was 24 h with frequent agitation to ensure the
omplete homogeneous mixing. The melted mixtureswere then 
ooled by furna
e 
ooling at room tempera-ture. After that, the sili
a tubes were broken and ea
hingot was grounded thoroughly for 1 h to obtain �neparti
les. The powder of ea
h 
omposition was pressedunder 5 ton/
m2 to shape it into a pellet and �nallypolished to be opti
ally �at. The pellets were annealedat 150 ÆC for 4 h. The internal mi
rostru
ture of the(Bi1�xSbx)2Se3 (0 � x � 0:10) system was 
hara
ter-ized by XRD (Bru
ker Axs-D8 Advan
e di�ra
tometerwith CuK� radiation at � = 1:5406Å) and SEM (FEINOVA NANOSEM-200 with the a

eleration voltageequal to 15 kV) 
ombined with an energy dispersiveX-ray (EDX) spe
trometer.The resonan
e of Raman spe
tra at the ex
itationwavelength 532 nm was obtained using a Thermo S
i-enti�
 DXR Smart Raman and Bruker FT RFS 100/sspe
trometer. The ele
tri
al and thermoele
tri
 mea-surements have been 
arried out using spe
ially madesample holders. The d
 ele
tri
al 
ondu
tivity wasmeasured by the four-probe method. For the thermo-ele
tri
 power measurement, the sample was insertedbetween two parallel and highly polished 
opper ele
-trodes. The ambient temperature and temperaturegradient in the thermoele
tri
 measurements were mea-sured using standard 
opper�
onstantan thermo
ou-ples. The voltages and 
urrents were measured us-ing Keithly sensitive digital multimeters. All measure-ments were performed in the temperature range 100�420 K in a 10�3-mmHg va
uum.3. RESULTS AND DISCUSSIONThe XRD patterns of (Bi1�xSbx)2Se3 (x = 0�0.10)
ompounds are shown in Fig. 1. The data imply thatthe preparation method is appropriate for obtaining asingle-phase stru
ture where all peaks 
an be indexedto the pure hexagonal phase of Bi2Se3, with the unit
ell parameters a = 4:13960Å and 
 = 28:63600Å
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Fig. 1. XRD patterns for (Bi1�xSbx)2Se3 (x == 0�0:10) samples(spa
e group: R � 3m) [17℄. The poly
rystalline na-ture of the samples is 
learly observed from the sharp-ness of the stru
tural peaks. Notably, no indi
ations ofpeaks 
orresponding to other Bi�Se 
ompounds weredete
ted. Also, the di�ra
tograms of the Sb-dopedsamples do not exhibit any di�ra
tion peaks of theternary 
ompounds of BixSbySe. This may be at-tributed to the substitution of Bi ions by Sb ions andthe resultant SbSe system 
rystallization into the samekind of stru
ture. Furthermore, the ternary 
ompoundformation requires low 
ooling rate, high syntheti
 pres-sure, and high dopant 
on
entration [18℄, whi
h are notrealized in this work.The 
rystallite size D was 
al
ulated using the well-known S
herrer equation [19℄D = K�� 
os � ; (1)where � is the wavelength of the X-rays, � is the fullwidth at half maximum of the peak, � is the Bragg an-gle, and K is the shape fa
tor. The 
al
ulated valueswere in the range 63.1�104 nm.The morphology of the prepared samples was in-vestigated using the SEM. The mi
rographs depi
tedin Fig. 2 reveal that the grain size is variable and ob-viously de
reases with antimony addition to rea
h thenear-submi
ron s
ale. The �nal produ
t 
ompositionwas further investigated by the EDX (see the inset inFig. 2). Noteworthy, analyzing di�erent grains of ea
hsample indi
ates that they are indeed of the same 
hem-i
al 
omposition, whi
h implies good homogeneity of192
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Fig. 2. SEM mi
rographs for (Bi1�xSbx)2Se3 sampleswith (a) x = 0 and (b) x = 0:10. The insets showEDX analysis resultsthe prepared samples. The data tabulated in the Ta-ble suggest that all the (Bi1�xSbx)2Se3 
ompositionspossess superstoi
hiometry for the Bi element, whi
his normal for the Bi2Se3 
ompounds and attributed toevaporation of the Se 
ontent during the melting pro-
ess [20℄. The superstoi
hiometry of Bi element signif-i
antly a�e
ts the 
ondu
tion of the 
ompositions, ashas been dis
ussed above.To obtain a deeper insight into the internal stru
-ture of the prepared solid solutions, Raman spe
-tros
opy analyses were 
arried out. We note that nosigni�
ant di�eren
es were observed between the Ra-

40 80 120 160 200Raman shift, 
m�1x = 0x = 0:1Intensity,arb.
units

Fig. 3. Raman spe
tra for x = 0 and x = 0:1 sam-plesman spe
tra of all the Bi2�xSbxSe samples under study.Consequently, only the Raman spe
tra 
orrespondingto x = 0 and x = 0:1 samples are presented as examplesin Fig. 3. It is well known that Bi2Se3 has a 
entrosym-metri
 rhombohedral stru
ture that has a unit 
ell withone Se atom lo
ated in the 3aWy
ko� position and theremaining Bi(2) and Se(2) atoms o

upying 6
Wy
ko�sites. Hen
e, Bi2Se3 has ten zone-
enter modes at the� point of the Brillouin zone, whi
h are expressed interms of irredu
ible representation as [21℄�10 = 2A1g + 3A2u + 2Eg + 3Eu:The g modes are Raman a
tive, whereas the u modesare infrared a
tive. The Eg modes 
orrespond toatomi
 vibrations in the plane of the layers, whilethe A1g modes 
orrespond to vibrations along the
 axis perpendi
ular to the layers [22; 23℄. There-fore, bulk 
rystalline Bi2Se3 
ommonly exhibits fourmodes [23; 24℄: E1g , A11g , E1g , and A21g , whi
h respe
-tively appear around 40, 61, 102, and 134 
m�1. Forour samples, formation of Bi2Se3 
rystals is provedthrough appearan
e of three Raman-a
tive modes at61, 102, and 134 
m�1. The Eg mode expe
ted to be
lose to 40 
m�1 has not been observed (see Fig. 3),and it was also not seen in previously reported re-sults [23; 24℄.To examine ele
tri
al properties and 
ondu
tionme
hanisms, the d
 ele
tri
al 
ondu
tivity � was mea-sured as a fun
tion of the ambient temperature T inthe temperature range 100�420 K. The ��T plots il-lustrated in Fig. 4 suggest that the 
ondu
tion me
ha-nism in the lower temperature range of measurements(T � T�) is predominantly governed by the 
arrier s
at-13 ÆÝÒÔ, âûï. 1 193



E. Kh. Shokr, E. M. M. Ibrahim, A. M. Abdel Hakeem, A. M. Adam ÆÝÒÔ, òîì 143, âûï. 1, 2013Table. Bi, Sb, and Se 
ontents determined using an EDX analysis and values of Tm, Es1, and Es2 for (Bi1�xSbx)2Se3(x = 0�0:1) samplesComposition Bi, at.% Sb, at.% Se, at.% Tm, K Es1, eV Es2, eVx = 0 42.20 � 57.80 300 0.02210 0.15463x = 0:025 41.56 0.98 57.46 300 0.00654 0.02464x = 0:050 40.90 2.09 57.01 230 0.01090 0.02050x = 0:075 38.91 3.69 57.40 230 0.01201 0.05455x = 0:100 37.78 4.60 57.62 220 0.00740 0.01653x = 0:0500:02500:0750:100
0 0:05x180210240

100 200 300 400T; K320360400440480520
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Fig. 4. Temperature dependen
es of the ele
tri
al 
on-du
tivity for (Bi1�xSbx)2Se3 (x = 0�0:1) samples. In-set is the Sb 
ontent dependen
e of the transition tem-perature T�tering pro
esses [25�28℄. It is worth noting that thetemperature T� depends on the 
omposition itself, as
an be seen in the inset in Fig. 4. Above T� (in thehigher temperature region), where the number of ther-mally ex
ited 
arriers begins to overwhelm the numberof 
arriers due to ionized impurities, the intrinsi
 
on-du
tion begins to dominate [29℄. The temperature de-penden
e of the ele
tri
al 
ondu
tivity in the intrinsi
region mat
hes well with the relation� = �0 exp�� �EkBT � ; (2)where �0 is the pre-exponential fa
tor representing thetemperature-independent 
ondu
tivity, �E is the en-ergy gap for the ele
tri
al 
ondu
tion, and kB is theBoltzmann 
onstant. The plots of ln� versus 1000=Tfor (Bi1�xSbx)2Se3 samples in the semi
ondu
ting be-havior range (T � T�) are shown in Fig. 5. The linearbehavior of the plots 
on�rms the thermally a
tivated
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Fig. 5. The plots of ln� versus 1000=T for(Bi1�xSbx)2Se3 samples with di�erent 
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tivation energy �E androom-temperature ele
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ontent for (Bi1�xSbx)2Se3 samples194



ÆÝÒÔ, òîì 143, âûï. 1, 2013 Stru
tural, ele
tri
al, and thermoele
tri
al properties : : :
ondu
tion. The �E values were determined and rep-resented as fun
tions of the doping 
ontent in Fig. 6.As we 
an see, �E de
reases with in
reasing the doping
ontent, exhibiting a minimum at x = 0:05 and thenin
reases to have a maximum with the highest dop-ing level. In the same �gure, we 
an observe that theroom-temperature ele
tri
al 
ondu
tivity �300 depen-den
e on the antimony 
ontent behaves oppositely: itin
reases to a maximum at x = 0:05 and then de
reasesdramati
ally. The behavior of �300 with the Sb 
ontentin
rease 
an be explained by invoking the ordering ef-fe
t in the solid solution stru
ture and the in�uen
e ofbismuth superstoi
hiometry and the Sb 
ontent on the
hara
ter and 
on
entration of latti
e point defe
ts inthe (Bi1�xSbx)2Se3 
rystal latti
e. The superstoi
hio-metri
 bismuth 
ontent in the undoped Bi2Se3 
rystalsgives rise to the n-type ele
tri
al 
ondu
tion behaviordue to the presen
e of positively 
harged va
an
ies inthe selenium sublatti
e [30℄. The ex
ess of Bi in the
rystal also results in formation of antisite defe
ts (hav-ing negative 
harge) in the latti
e due to repla
ing theselenium atoms in their latti
e sites by bismuth atoms.It is reported in Ref. [20℄ that at a low Sb 
ontent, thefree-ele
tron 
on
entration in
reases due to the o

ur-ren
e of the un
harged substitution defe
ts of antimonyatoms in bismuth sites, whi
h suppress the 
on
entra-tion of the antisite defe
ts. But the de
rease in theele
tron 
on
entration in the region of a higher anti-mony 
ontent is due to the asso
iated de
rease in the
on
entration of the Se va
an
ies in the Se sublatti
e.To 
al
ulate the power fa
tor and thus 
he
k the fea-sibility of our 
ompositions as thermopower materials,it is essential to 
arry out thermoele
tri
 power mea-surements. The temperature dependen
e of the See-be
k 
oe�
ient S was measured in the same tempera-ture range of the ele
tri
al 
ondu
tivity measurementsin order to obtain the optimum temperature that givesthe higher power fa
tor. As shown in Fig 7, in the entiretemperature range 
onsidered, the value S is negative,exhibiting the domination of the 
ondu
ting behaviorof n-type semi
ondu
tors. The most 
hara
teristi
 forthe bismuth selenide-based 
ompounds is the n-type[31℄, but the p-type is also reported [16; 31; 32℄. Themodulus of S was found to in
rease as the temperaturein
reases, rea
hing a maximum at a 
ertain tempera-ture Tm. Beyond this temperature, S de
reases 
ontin-uously with in
reasing the temperature. This temper-ature dependen
e of S 
on�rms the transition to theintrinsi
 
ondu
tion dis
ussed above, where the slope
hanges from positive to negative [33℄. The largestmodulus of the Seebe
k 
oe�
ient was observed for theundoped sample, where S has the value 0.280 mV/K

x = 0:0250:075 0:1000:050 00 0:04 0:08 x0:120:200:28 100 200 300 400T; K�0:32�0:28�0:24�0:20�0:16�0:12�0:08
S300; mV/K

S; mV/K

Fig. 7. Temperature dependen
es of the Seebe
k 
oef-�
ient for (Bi1�xSbx)2Se3 (x = 0�0:1) samples. Insetis the Sb-
ontent dependen
e of the room-temperatureSeebe
k 
oe�
ient S300
0:0750:0500:02502 4 6 8 10 121000=T; K�1�0:30�0:18�0:12�0:08�0:08�0:16�0:16�0:08�0:16�0:12S; mV/K x = 0:100

Fig. 8. Seebe
k 
oe�
ient versus 1000=T for(Bi1�xSbx)2Se3 (x = 0�0:1) samplesat T = 300 K. The inset in Fig. 7 
lari�es a minimumvalue of the Seebe
k 
oe�
ient for the x = 0:025 sam-ple. However, at high doping levels (x = 0:05�0.10), nosigni�
ant 
hange of the S value 
an be observed.For all samples, the temperature dependen
e of theSeebe
k 
oe�
ient �ts well with the following equationin the entire temperature range below and above thetransition temperature:S = �kBe � EskBT +A� ; (3)the a
tivation energy Es represents the thermopowera
tivation energy and A is a dimensionless parameterrelated to the 
arrier s
attering me
hanisms or assumed195 13*
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 energy transported by
arriers. As 
an be seen in Fig. 8, the plots of S ver-sus 1000=T 
onsist of two linear segments. In the low-temperature region, the temperature dependen
e of Sexhibits a smooth trend that reverses the smooth de-
rease in the 
harge 
arrier mobility with in
reasingtemperature [34℄. By 
ontrast, above Tm, S 
hangesrapidly with temperature, whi
h may be attributed tothe e�e
tive 
ontribution of the p-type defe
t 
reationat high temperatures [35℄. This behavior implies thatthe 
ondu
tion is not of a pure n-type but is of a mixedtype and the positive-
harge 
arriers (holes) make a sig-ni�
ant 
ontribution. The transition temperature Tmand the thermopower a
tivation energies Es1 and Es2respe
tively 
orresponding to the temperature rangesbelow and above Tm for all samples are tabulated in theTable. The di�eren
e that 
ould be observed betweenT� and Tm at transition temperatures for the same sam-ple 
an be attributed to the di�eren
e in the ele
tri-
al 
ondu
tivity and thermoele
tri
 power sensitivityto the defe
ts in
luded in the sample. The values ofthe thermopower and ele
tri
al 
ondu
tivity a
tivationenergies Es2 and �E, are 
omparable. This demon-strates the absense of temperature-a
tivated mobilityand 
on�rms the gap band 
ondu
tion me
hanism of
harge transport in the high-temperature range, whereEs2 = �E is the energy asso
iated with 
arrier gener-ation only. The small value of the thermopower a
ti-vation energy Es1 in the low-temperature range is ev-iden
e of the domination of the temperature-a
tivatedmobility me
hanism of 
ondu
tion [36; 37℄ and mat
heswell with the ele
tri
al 
ondu
tivity results mentionedabove.The power fa
tor P of a material is a good indi
a-tor of the performan
e of this material as a thermoele
-tri
 devi
e. The higher the power fa
tor of a material,the more useful it is as a thermoele
tri
 material. In-
reasing the power fa
tor value required large ele
tri
al
ondu
tivity and high thermoele
tri
 power. Figure 9shows the fun
tion P (T ) for the (Bi1�xSbx)2Se3 systemwith di�erent Sb 
ontent. The behavior of the powerfa
tor variation with temperature shows that ex
eptfor the sample with the highest doping level (x = 0:1),in whi
h an in
reasing trend is observed over the wholetemperature range of measurement, the power fa
tor ofall other samples in
reases with in
reasing the temper-ature to a maximum and then de
reases. Mu
h highervalues of the power fa
tor over the whole temperaturerange of measurements 
an be observed for the x = 0:05
ompound in 
omparison with the other 
ompounds.The highest power fa
tor value for this 
ompound wasre
orded at 240 K, equal to 13:53 �W �K�2 � 
m�1. We

00:025100 200 300 400T; K024
6810
12

0:1000:075
x = 0:050P; �W �K�2� 
m�1

Fig. 9. Temperature dependen
es of the power fa
torfor (Bi1�xSbx)2Se3 (x = 0�0:1) samples
an therefore 
on
lude that this antimony doping levelis the optimum to a
hieve the highest thermopower per-forman
e of the 
ompositions under study.4. CONCLUSIONPoly
rystalline alloys of (Bi1�xSbx)2Se3 (with x == 0�0.1) were prepared su

essfully using the 
onven-tional melting te
hnique. Independently of the Sb 
on-tent, all the 
ompositions have a monophase stru
tureof Bi2Se3. Sb doping signi�
antly suppresses the graingrowth of the prepared alloys. The temperature de-penden
e of the ele
tri
al 
ondu
tivity and the See-be
k 
oe�
ient are governed by 
arrier s
attering inthe lower temperature range, followed by a transition tothe intrinsi
 semi
ondu
tor behavior at 
ertain temper-atures. The 
al
ulations demonstrate that the lowesta
tivation energy and the highest room-temperatureele
tri
al 
ondu
tivity values are demonstrated by thex = 0:05 
omposition. Moreover, among all the studied
ompositions, it exhibits the highest power fa
tor overthe whole temperature range of measurements with avalue equal to 13:53 �W �K�2 � 
m�1 at 240 K.REFERENCES1. N. Keawprak, Z. M. Sun, H. Hashimoto, andM. W. Barsoum, J. Alloys Comp. 397, 236 (2005).2. M. M. Ibrahim, S. A. Saleh, E. M. M. Ibrahim, andA. M. Abdel Hakeem, Phys. S
r. 75, 660 (2007).196
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