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ABSTRACT

Experimental and numerical results as presented here demonstrate the ad-
verse effects of aTravelling Heater Method (THM) in (Bi, Te,) ,.(Sb,Te,),
thermoel ectric crystallization, on masstransport. Growth with THM reveals
that there is a considerable effect from the deflection of the solid-liquid
interface, whereas the Bi,Te, stoichiometry does change significantly. At
defined length measurements of the thermoelectric crystallized ingot, elec-
trical conductivity was carried out at intervals of defined length (6mm). A
sensible gradient was observed in the reading along the ingot from a ful-
filled tip to the end. To understand this variation by taking into account all
practical experiencesof acrystal growth, we must conduct anumerical study
because it gives vast information on a crystal growing process. Simulating
the crystallization process and characterization of theingotsdiscloseavaria-
tion in the measured values of the thermoelectric parameters which was
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attributed to the deviation of Bi2Te3 concentration along the ingot.
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INTRODUCTION

Almost all electronic and optoel ectronic devices
need semiconductor Singly crystalized materids. These
semiconductor materialsare produced through acon-
trolled solidifying processcdled crystalization growth.
Today, most bulk semiconductors are grown from a
liquid phasethrough growth processesknown asmelt/
solutiontechniques.

TheTravelling Heater Method (THM) falsintoa
category of solutiongrowth, anditisarelatively prom-
isngtechniquefor commercia production of bulk com-

pound and aloy semiconductors. Thankstoitsimpor-
tance, anumber of experimentd and theoretical studies
have been madeonthe THM growth process* 2. This
method servesasamain utility for the scientistswho
haveto handle the thermoel ectric samplesasacrystal.
Consequently, numerous studieswere made on what
congtitutesthebaseof aTHME?!, Inoneof theearliest
investigations, the steady-state temperature profiles
within the growth ampoul e of CdTeto beused for vari-
ous heater positions were provided®. Inthistopic a
seriesof experimentsunder an introduced forced-con-
vection by using an accel erated rotation techniquewere
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also studied. THM growth of PbTeand examination of
thegravity effect on heat and masstransfer intheliquid
zonehasbeen mathematicaly moddled”. THM growth
of PbTehasalso been studied by asmple mathemati-
ca model by whichtheinfluenceof athermd diffusion
effect in thissystem was examined asa Soret effect!®.
A numerica modelling study and auni-dimensiona nu-
merica simulation for thegrowth of Ga In, Aswere
subjectsfor discussonin®. Finited ement, quas steady-
gatetherma modd for thesmulating of HgCdTegrowth
wasused by, wheretransentsin thetemperaturefield
caused by thedisplacement of theampoulein thefur-
nacewerenot borninmind, and the solvent/crystal in-
terfaces were assumed to be set at the equilibrium
liquidustemperature. Theinfluence of thermosolutal
convection, though were missed the mark of CdTe
growth*®, but was considered after aquas steady-state
mode wasadopted™. Intheir finiteelement smulation
model, afixed length of liquid zonewas adopted. In
order to understand better the complex transport phe-
nomenaincluding thediffus on and convection of heat
and masstransfer during the growth processes of ter-
nary alloys*?, haveintroduced amathematical model
for thegrowth of GaxIn1-xSb by THM. For numerica
simulations of the THM growth process, an adaptive
finite e ement technique was employed. Comparisons
with experimentsarea so provided to assessthevaid-
ity of themode and computations. Numerical studies
ontheTHM growth of HgTeby using athree-step com-
putationa scheme to minimizethe computational de-
mand werea so undertaken by*3. Thefield equations
were solved by using aquas steady-state approxima-
tion. Also, the growth conditionsthat |ead to solvent
inclusionsintothegrown crystal wereexamined. Nu-
merical smulation study for the THM growth of GaSh
from a Gar-sol ution has been conducted by!*4, where
the effects of crucibletemperature, cruciblerotation,
and cruciblematerial onthe crystal/solutioninterface
shapewereexamined. In order to minimizetheadverse
effect of convection, which may adversely affect the
quality of thegrown crystals, and d so to obtain abetter
mixingintheliquid solution, someapplied magneticfidds
have been usedin THM, (seefor instance*>*"). The
effect of arotating magnetic field ontheradia compo-
gtiond uniformity in CdHgTecrystalsgrown by THM
wasa so examined*®, Thetwo-dimensiond numerica
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simulation of theTHM growth of CdTefocused onthe
influence of rotating magnetic fields on flow patterns
and compositional uniformity in the solution was ex-
pressed by!*9, It was found that under microgravity
conditions, any applied position of rotating magnetic
fieldscan suppresstheresidud buoyancy convectionin
thesolution, and may resultin complex flow structures
andenhanced compoditiond nonuniformity a highgravity
levels. Two-dimensiona numerical simulationsfor the
growth of CdTeby THM to test the effect of applied
stationary and rotating magnetic fields, aswell asthat
of smdl nonuniformitiesin the strong stationary mag-
neticfiddwerewd | consderedin®. Threedimensiond
simulationsfor the THM growth process have been
carried out by!?! under static but strong applied mag-
neticfields. Alsocarried out in?? isanumerica simula
tion of Czochralski crystal growth under theinfluence
of atravellingmagnetic field asgenerated by aninterna
heater-magnet module.

All atemptsinthesestudiesareto consder the THM
performance employed for crystallization growth and
approach, inredlity, to itsadverse effect onthethermo-
electric parametersin particular theelectrical conduc-
tivity by usinganumerical smulated method. Infact, it
was reported by Kasap?® and Sze that’?¥, multi-ele-
ment e.g. ternary compounds with defined stoichiom-
etry that wasintended to be crystallised by THM pro-
videssuchintrinsc effect by meansof aphasediagram
Sysem.

Theaimthisstudy isto consider the THM perfor-
mancewhichfrequently avallablefor crystd growthand
approach, itsadverse effects on thethermoel ectric pa
rametersin particular thedectrica conductivity by us-
inganumerica smulated method.

EXPERIMENT

THM standsfor asolution growth technique that
can beused for growing and synthesizing binary and
ternary compound semiconductors. In THM, growth
of (Bi,Te,),,s(Sb,Te,), .. thermoel ectric semiconduc-
tor singlecrysta siskept molten by anarrow heater. As
theheater’s gauge moves upward, 50% solid solution
of andloy of feed sourcetypeisdissolved at the melt-
ing interface and 50% of compound isdeposited at the
solidusinterface.
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Thisprocessdlowsacongantly controlled but dow
growthto bemadepossible. Thequdiity of grown crys-
tasin THM isvery sengitivetotherd ativevariation of
temperature profile by which agrowth rate is deter-
mined. THM has anumber of advantages over melt
techniquesthemost notable of which arelessthermal
stresses, growth of ternary alloys, and uniform crystal
composdition.

The experimental proceduresthat are appliedto
provide thermoel ectric samplesweredescribed in pre-
vious publicationg®2, Theaim of thisresearchisto
analyzethe processesof acrystal growth by THM and
know how it adversdly effectsit hason thethermoel ec-
tric parametersin particular theelectrical conductivity.
It isbelieved that some modification should be usefully
madeto overcomethe problem. Infact, asreported by
Kasap®l, and Sze1, when multi-element compound
with awell-defined stoichiometry wereto be crystal -
lized by THM, violation of acrystal ingot stoichiometry
would beinevitable. Dissimilar mobility, solidification
of theelements on a pre-sel ected temperature, arate
of crystallization and anintrins ¢ behavior of the phase
diagramisaccountedfor it.

Crysal growth

Figure 1(a) shows a schematic view of aHTM
furnace that is used for the growth of
(Bi,Te,),(Sb,Te,), .., asmpleheater movesup by
means of agear box system attached toit. Figure 1(b)
illustrates the concentration of Bi, Te, in various sec-
tion of ingot during the crystalli zation asafunction of
y. Figure 1(c) showsaninitial temperatureprofileof a
heater. Thegrowth furnace, consists of threetempera-
turezonesdl of which can be controlled independently.
(Bi,Te,),-(Sh,Te,), . filledinto an ampoul eevacuated
at 10° Torr and seal ed as synthesized in the furnace.
The temperature of the furnace was controlled be-
tween 650 and700 °C. This is due to Bi,Te, and
Sh, Te, melting point at about 650 °C and 10°Torr.
The cooling rate throughout the crystal growth was
about 0.61°C.h™.

Numerical study

Due to the height limitation of the THM heater
(5mm), it could not easily read thetemperature distri-
bution of thehester fromitstiptoend. Numerical method

10° Torr pressure. i
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Figurel(a) : Schematicview of travelling heater, (b) Concen-
tration of Bi,Te, in varioussection of ingot duringthecrys-
tallization asfunction of y, (¢) Thermal digtribution function
around melting region.

was asuitable one to deal with the problem. Conse-
quently, thetemperaturedistribution onthe heater which
was computed by way of atwo-dimensional conduc-
tive heat trandfer smulation method asshowninFigure
1ccanbedefined. Temperaturesfor individual regions
from centreto edge of the heater were used asinput,
whiletheeffect of convection was neglected.

However, dongthe heater asthe heat insul ation of
THM system wasineffective high temperaturegradient
was devel oped and sensible convectionintheliquid
zone adversely affected the quality of grown crystals.
Asreported by!*>19, the application of an externa sta-
tionary magneticfieldisan option to suppressthecon-
vectiveflow intheliquid zone. Thefield, aswerein
perfectly linewith the axisof agrowth cell, createsa
magnetic body forcein ahorizonta planewhichinturn
balancesavertical gravitational body force, and con-
sequently suppressesthe convective flow and brings
about adifferent motivation amongst constituent ele-
mentsin ternary compounds. Nevertheless, the pres-
enceof Bismuthinthethermod ectric samplesactsasa
barrier touseafield.

Figure 3 showed the temperature profile for the
heater, thetube and the compound when they reach a
thermal and achemical quasi steady-state equilibrium
within theampoul e, considering the fact that the am-
poulemovesdownward largely depending onthe heater
that hasavery small displacement vel ocity usualy for
the present work in the order of 8 mm per hour. Over
the growth process, atemperature difference between

Au Tudian Yourual



MSAIJ, 8(4) 2012

GKavei and M.A.Karami

165

theupper (dissolution) and thelower (growth) liquid-
solidinterfacesappeared. Thisisdueto theasymmetri-
cd thermal profilewithitshigher temperatureat thedis-
solutioninterface. The source material isthereby dis-
solved at the upper interface, whereits solubility in-
creases dueto the heater movement. The material is
trangported throughtheliquid zone by both thermosol utal
convectionand diffusion. Recrystalization then occurs
a thelower interface, thetemperature of whichislower
than that of the dissolution interface. In essence, the
heater thermal gradient (temperature profile) and its
movement are two important factorsthat can control
the growing process. Thetemperature gradient inthe
vicinity of thegrowth interface must be properly con-
trolled so asto avoid constitutional super coolingand
thermal stresses. Thiscan be achieved by an optimum
thermal designfor the THM growth crucible.

RESULTSAND DISCUSSION

Simulation

Bi,Te, and Sb,Te,arecompletely solubleinacon-
sistently solid solution asillustrated in the phase dia-
gramsin Figure2?, Thesolid solutionthat corresponds
to each point of phase diagram variesin compound but
notincrysta structurefrom pure So, Te,topureBi, Te,,
which must necessarily havethe samestructurd®. The
| attice parametersof solid solutionaso vary dl through
apure Sb,Te, toapureBi,Te,.
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Homogenousingot of (Bi, Te,), ..(Sb,Te,), . was
prepared by co-melting of Bi, Teand Sb elements Ref-
ereeingto Figure 2, whichisaquas phaseternary dia-
gramof Sb,Te,-Bi,Te, system. Inthisdiagram thefor-
mation of a(Bi,Te,), .(Sh,Te,), at 611°C, C =10.63
and C_=C = 25 will take place, are both the concen-
tration of Bi, Te,at the pointsof crystallization and the
formation of thesolidusrespectively. A glanceat astar-
ing crystallizing process sha | make usunderstand that
theheater temperature should beat 611°C. At the start-
ing point of thegrowth operation, heater movesup at a
small fraction (8mm/hour) and the discrepancy of the
C.and C, will appear. Asthe heater movesupward, a
rapid and sensi ble temperature decrement would be
inevitableat SregionintheFigurel1, dueto exiting the
molten region from the heat source boundary. There-
fore, asthequas phase diagram showsthe concentra-
tionat thesolid and liquid boundary C_= 10.63 cannot
be aligned with the equilibrium valueof C, C 25.
Thus, thesolid solution at (S) hasalower concentratl on
rate of Bi, Te,thanthat included at (1). Sincethe heater
continuesto move up the concentration discrepancy,
(C,- C,) hasbeen pushed out of thefreezingregionto
themolten zone.

Asthe heater moves up by dy, themolten zoneis
a so pushed up. Therefore, the solid concentration that
enters the molten zone from the upper region of the

. . Cud . . .
ingotis OTy Meanwhile, the solidus concentration

. . Cq(y)d
which leavesthemolten zoneis # (20 Thus, the

Bi 1€, concentration inmolten zonewill be:

(Co- CIJ_s(y))dy o

where C (y) isaliquidus concentration at melted
region and L isamolten zoneheight in congtant (~5mm).
Integration of Equationl |eadsto:

cw dC(y)
_.[ dy .[CO 25C -C (y) (2)
Tosolvethisintegration, C(y) must bederived as
afunction of C (y). Using the |east square method,
two curves arefitted to the experimenta dataof phase
diagram. Figure 2 showsthat thereare quadratic poly-
nomidl relationsbetweenboth T,(C) and C (y), aswell

dC,(y)=
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asan additiona T(C) and C(y) asdetailed bel ow:

T,(C)=aCZ(y)+bC, (y)+d =-0.0019C?(y)-0.1187C, (y) + 616.67 3
T,(C)=a'CZ(y)+b'C,(y)+d'=0.0005CZ(y)-0.35C(y)+616.18 ( )

where the coefficients a, b, ¢, o/, ¢’ and d’ are
constant.

For adefinedtemperature T,(see Figure 2), there-
lation for C(y) and C,(y) can be obtained as below:
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Figure3(a) : C, (y/L) concentration of Bi,Te,in melting zone
asa function of y/L, (b) C_(y/L) concentration of Bi,Te, in
grown ingot asafunction of y/L.
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Figure4: Electrical conductivity and variation of Bi,Te, con-
centration asafunction of y/L.

T,(C)=T,(C)
aC?(y)+bC,(y)+d =a'C2(y)+b'C(y)+d’
) _b'x\b? —4a(d '-(azclr2 (y)+bC, (y)+d)) (4)
a
Substituting C(y) from Equation 4 for Equation 2:
l:Ic‘ 2 dc, (y)
L e _-b't\b” —4a(d“(aCcf (y)+bC,(y)+d))  (5)

2a’

In Equation’5, since C,(y) isan upper limitand an
integration varigbledtogether, theintegrd equation can-
not beintegrated directly. Therefore, it can be solved
numerically asrangesfrom C(y) = 25to C(y) =45,
(seeFigure?2).

Figure 3ashowstheresult of thisintegration that

presentsthevariation of C(y) vs. % .WithC(y), C(y),

asaconcentration factorsof Bi, Te,inan crystallized
ingot, can becalculated from Equation 1 asafunction

of % . Figure 3b showsthevariation of C(y) vs. % At

can beseen that for thefirst quarter length of theingot,
the concentration degree of Bi, Te,, C(y) islessthan
C, but itincreases a ong the course of ingot (with = ).
For sectionsbeyond thefirst quarter, C(y) variesand
becomeequd toitsequilibriumvaueC_=C.

Figure 3 showsthevariation rate of e ectrical con-
ductivity dongthecrysta growthdirection. TheFigure
that vaidatestheelectrical conductivity asovariesin
thefirst quarter length of theingot and remains constant
elsewhere. The variation of C(y) along the crystal
growth direction wasobta ned through numerical mod-
eling and empirically measured by XRF asshownin
thisFigure 3 It can be seen that they are agreewell to
each other.

M easur ements

In addition electrical conductivity, measurements
aongthecrysalizedingot, that revealsvery sensitive
variation. X-ray diffraction (XRD) and XRF systems
were employed to characterize the structureand com-
position of the continuoussectionsof ingot, respectively.
Thelattice parameter variaionswith x (Bi, Te, concen-
tration) areshownin Figure5. Thelattice parameter
increasesalmost linearly with x contentsaccording to
Vegards’ law!?l. Substituting Sb atomsfor Bi atomsin
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b, Te, structure leadsto an expanded | attice volume
that cantriggers XRD diffraction linesto shift toward
smaller angles. Typical XRD pattern of crystalsfrom
mid section of agrown ingot isshownin Figure®6.
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Figure5: Variation of the crystal lattice parameter son the
composition of solid solution with in Sb,Te - Bi,Te,system.
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Figure6: The XRD pattern of powdered crystalsfrom mid
section of agrown ingot.vanna.

CONCLUSION

(Bi,Te), .(Sb,Te,), . thermoel ectric semiconduc-
tor single crystalswere grown by THM. It has been
observed that thereisasensibleelectrical conductiv-
ity gradient inthefirst quarter length of the prepared
crystalineingot. Thetheoretica and experimentd im-
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plications showed that the concentration of Bi,Te,
along at |east thefirst quarter section of the crystal-
lizedingotislessthanitsequilibriumvaueC, =25 but
abovethisregion thisvalue approachestoitsequilib-
riumvaue. Thisvariation wassimulated theoretically
and confirmed by the way of XRF and XRD mea-
surements. Variation of Bi, Te,concentration wasthen
found to beresponsiblefor electrical conductivity gra-
dient.
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