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Abstract

The new approach to the evaluation of the heightiefmelting zone during the crucidiss zoned melting process
silicon is substantiated. This new approdakes into account the experimentally establistigetifics of the brightness fie
formation.
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Introduction The use of television information — measuring
systems for the first time allowed to obtain reléab

Zone melting as one of substance crystallinexperimental results on temperature distributionttumn
modification methods is now widely used in researchurface of the liquid phase after complete melblgh
and technologies aimed at purification of crystalsand on melting zone geometry [2]. But the ambiguous
metals, semiconductors, organic substances and rature of the surface brightness field of the ligphase,
create materials with given distribution of addiv in particular, the impact of third-party sourcediagion,
Zone melting can be carried out in a crucible (aomr) reflected from the melting zone surface, whichhe t
or with the help of a crucibleless method. Exclakiv cause of systematic error, doesn’t allow us tothet
crucibleless zone melting should be used for malteri necessary precision of melting zone height
with the melting temperature of more than 1300e.g. measurement.
for silicon — 1685K) as in liquid phase they are The aim of this paper is to justify the new
chemically active. approach to control the height of melting zone, chhi

The technology of zone melting consists inwould take into account the experimentally estalelis
creation and displacement along the sample of @war peculiarities of field brightness formation onsteface.
melted zone that can be accomplished with the bElp
different methods [1]. Electron beam cruciblelessez Features of melting zone brightness field
melting has become widely used nowadays. It isgeirformation
accomplished in a vacuum chamber and melting zone i
formed under the influence of the electron beane Th Melting zone shape in Earth conditions, is
most important parameters of zone melting, stijndat primarily determined by the influence of gravity,
its quality are as follows: its height, shape ofltmg surface tension forces, power and stability of the
zone and crystallization section, steadiness @flectron beam, and even defects or their absentieein
displacement velocity and temperature distributiosource of electrons and focusing field and is
along its surface. Nowadays zone melting has beeharacterized by the zone heightihd shape factor.
formed into powerful branch of production of ma&ési Shape factor determines asymmetrical profile of
with prescribed properties but in spite of constarthe melting zone, and if the sample itself doebate
theoretical base development and technologicalgz®c the relevant defect, indicating the presence oéasfof
improvement, the problem of control of its geonwetri electron source and focusing field.
parameters remains actual. During previous research a large amount of
experimental data has been accumulated, making it
possible to make a number of important conclusions
about the nature of the melting zone brightneskl fie
formation, in particular to clarify the concept @§
height. In general, the height of the zonéstcalculated
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In real conditions, melting zone boundary a®ut in the course of melting local deformation bét
shown in Fig. 1, is shaped as a complex line. Feagsn electrode or local emission reduction capacity may
of the upper and lower melting zone boundaries (favccur, resulting in additional temperature gradignt

silicon) are shown in more details in Fig. 2. thus, in the breach of circular symmetry of tempem
field. This asymmetry leads to skewness of
electrode crystallization zone, and it is known that its shagan

also influence the quality of melting. Since thisfett
can not be corrected during melting, an electragle i
subject to change. Thus, timely detection of asytrime
temperature field by measuring melting zone height
an extremely important task.
Spatial and temporal fluctuations of the electron
_ / beam also lead to local disturbance of field terapee
melting oY, distribution on crystal surface, which negativeffeats
28 the quality of melting. In particular, [3] statesat the
asymmetry of the temperature field adversely asféoe
distribution of impurities in the crystal crosssent
increasing their concentration in some areas and
decreasing it in the other ones.
Figure 1 — Melting zone image with significant heigt To compensate for the impact of possible
variance across its perimeter temperature field asymmetry in some zone melting
devices crystal is rotating around its axis. Thhe t
combined effect of rotating and linear movemenssite
to equalization of temperature field, accompanigd b
changes in the concentration along a spiral. Detail
analysis of the brightness field of on the surfacéhe
liquid phase along the axis Y (Fig. 1) revealed the
presence of a legitimate nature of temperature
distribution, due to electron beam structure. To
investigate the correlation in the distribution of
temperature on the melting zone surface numeriesser
of temperature values were formed — in the presence
(number 1), and in the absence (number 2) of rotary
motion that showed practically the same distributid
temperature across all vertical cross sections @ig
To determine the coefficient of correlation
a) upper me|t|ng area, b) lower solidification area between temperature distributions in different nwotthe
following formula [4] was used:

N
D X Xgi — Ny X
&

Figure 2 — Melting and solidification area close-up

So one can talk either about determining the height

along a given coordinate or defing the average and xy = 1)
extreme values. Zone boundaries can be defineteas t %xz — NK2 %xz — N2
coordinate of the lower Yor upper Y, boundaries of = 1 1 = a 2

melting zone for a fixed coordinate or the averafjall . S
Y coordinates along the perimeter (accordingly, aonWhe.rexl" Xoi are signal value at th_epomt.of the cross
height is b=Y | -Y ) section, N is number of cross section points.

L uj-

Thus, for each crystal there is some maximum Tests have been carried out at 200 rpm of crystal,

height value R, under which zone can be stil stable.prov'ded that N=80. Average correlation coefficient

S0, huy shall be referred to the critical parametergy=0-923 has been obtained, indicating the presence o
Which are subject to constant monitoring. Stabitify correlation in the distribution of temperature dret
zone height is one of the main conditions underctvhi welding zone surface in the presence and in theraes

: e f rotational motion.
for example, a high degree of purification can b8 . .
achieved. To achieve a high degree of purification The second problem is connected with the effect of

sometimes a method of programmable height Changgectrode radiation reflection into input aperture,

can be used, which is that in the last cycles Zuwight ete(f;ﬁq n ]thetcc_)ursg of exgerlr‘r;en.ts EE'g'I.A')'.d h
is maintained lower compared to the first ones. In IS efiect 1S observed only in the fiquid phase

addition, all other random changes in the valuehof when the zone surface area is a reflector of_ cc»mpl_e
lead to éeterioration of crystal quality shape. The picture changes when electrode is moving

Modern electronic current stabilization meanéﬁimd qruhiéo iﬂzngleso'rﬂ;rr:]e ?(?rnez(?:ea‘pre]éi ht measurin
provide the possibility to create and maintain letand ’ 9 9 9,

: . : ased on determination of the distance betwees site
symmetric temperature field on melting zone sur.fac%)vith the set contrast on the ordinate, can lead to
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Figure 3 — To the issue of correlation ratio defimg among the temperature distributions

b)
a) overall view of the zone, b) vertical signal &kap
Figure 4 — Electrode reflection on the surface of enelted zone

significant errors due to the emergence of addifionthe impact of reflected electrode image is compfete
contrasting sections on this ordinate. It is pdsesio eliminated.
avoid these errors, using amplitude filtering witlihe It must be mentioned that the presence of
zone, focusing on the fact that the signal, forrbgd temperature gradients that was above considerea as
electrode image area, is much greater than thealsigmegative factor that generates fluctuations of uritjes
formed by adjacent areas (Fig. 4). But the prakcticand thus prevents obtaining crystals with uniform
implementation of the algorithm has been recogna®d concentration, in its turn could be the componeit o
inappropriate, as the process of zone melting [ogrammable techchnologies of production of
accompanied by rapid and random changes of reflectmaterials with predetermined properties.
flow. To justify the methods, used to determine melting
We have suggested to apply adaptive algorithnzone height, the pecularities of liquid phase fdrom
which provides that the height analysis is condiigtey and melting process have been taken into account.
direction only if there are two contrasting are@éth Fig. 5 presents conventional malting zone image
the emergence of the additional contrasting aresnd correspondent values of signals, generatedxieisp
algorithm provides countermotion of the upper andf photoelectric converter, which are located orthbo
lower markers of the three points that are outsite sides near its upper interrface.
melting zone. Meanwhile at each step sign and gyant Values of signals A formed by pixels that are
of signal change is determined. As soon as theepre$located" in the melting zone interface are in thage
threshold of signal change is achieved, the coatds1 of A,<Ai<A,, where A, A, are signals, generated by
of the markers are fixed andil calculated. In this way, pixels, "located" in images of liquid and solid pha
areas.
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Figure 5 — Relative signal levels on zone interface

Since directly at the melting zone interface, theonsidered in the range from a minimum Ralue,
temperatures of solid and liquid phases are almoshich corresponds to the brightness of the ligthdge
identical, the differences in its brightness aiputated at the interface to the maximum ;A value,
mainly by differences in coefficients of radiatingcorresponding to solid phase brightness on the same
capacity of surfaces in soli@ and liquide, phases. boundary.

Ag signal, generated by pixel, located on the upper Fig. 6 displays the distribution of brightness
welding zone boundary image is coincidental and isignal) in the lower boundary of the melting zone,
constantly changing in the course of melting. Ay anwhich proves that the site at the phase intherfecea
given time its value is in the range of<¥Az<Ar, where width of about 0.3 mm. (In monographs [1, 3] it is
A, and A are average pixel signals values, locatestated that the width of the crystallization argani the
entirely within the image of liquid and solid phaserange of 0.15-0.35 mm). From Fig. 6, which shows
correspondingly. A signal of the melting zone lower changes in the signal on the interface of solid landd
boundary is generated similarly. Such uncertainty g@hases it can be concluded that brightness chearges
coordinates limits leads to errors in the course dff alinear character in the transitional area.
melting zone height measurement. This increaséen t
accuracy of measurement is impossible without rekea x100, W/m®-pm

i
on signal generation character within the melioge 190 i
boundaries and the development of appropriate 1gg - |

techniques and algorithms. It is clear that themfaf A
crystallization section where the mixing of subs&siin 170 solid phase | ™
the liquid phase, takeas place and which actually 160 i
determines the uniformity of distribution of impiies, 150 /

in some way characterizes the melting zone shapk, a

thus the value of its height. Actually between dalhd 140
liquid phases, which are characterized by constant 130
process parameters in terms of luminous flow j
formation, thre is the area, the brightness of Whic 120 liquid phase
varies from a maximum value (a;=0.64) to the 110
minimum (atep=0,46) during the transition from solid 1gp -
phase into the liquid and vice versus. The widthheaf |
area is stipilated by natural mechanisms of liquidise
formation and crystallization from melting. Abrupt
changes in the dynamics of the process and tenyperat
gradients also significantly influence the shape anFigure 6 — Brightness distribution over melting zoe
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position of the crystallization area, creating dtinds surface (lower boundary)
for the deterioration of crystal quality due to egence
of local areas, supesaturated with impurities. Fig. 7 illustrates the adaptive algorithm for

Pecularities of melting zone brightness fields mustetermining the height of the melting zone during
be taken into account while developing thamelting at a speed of melting zone displacement of
methodology, aimed at the enhancement of the acgural0O0 mm per hour. Melting zone height has been
of coordinates measurement. Since we are talkiogtab calculated in pixels as the difference betweenntiean
increasing the accuracy of the melting zone bouedar values of the coordinates  Yand Y, within the
coordinates, light signalling characteristic should rectangular piece.
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Figure 7 — Screenshot of the working window;
h,=146 pix, V=100 mm per hour

The abovementioned features of signal generatid
have been considered while improving the algorithm

for adaptive search of melting zone boundarieschwhi
could provide melting zone height control in theise
of melting at the level of up-to-date requirements.

Conclusions

The new approach to measuring the melting zone
height in the process of melting has been grountted.
takes into account the experimentally established
peculiarities of formation of brightness field ohet
surface and at the interface which creates comditfor
improving existing and developing more effective
methods to control melting zone height.

It has been established that the algorithm of zone
height measurement, based on determination oftthe t
distance between sites in the y direction with se¢
contrast, can lead to significant errors due to the
emergence of the additional contrasting areas @ th
ordinate, such as reflected electrode image.

An adaptive algorithm has been developed and
tested which with the appearance of additional recht
areas provides counter-movement of the upper and
lower markers from the initial points that are ddesthe
melting zone and thus eliminates the reflected smag
'Wpact on the measurement result.

References

[1] Pfann, V 1970Zone meltingMir, Moscow.

[2] Porev, VA & Porev, HV 2001, 'Conceptual aspects
of electronic deployment devices for the analydisptical
fields’, Naukovi visti NTUU KRl no. 1, pp. 56-61. (in
Ukrainian).

[3] Shiller, Z, Gajzig, U & Pancer, Z 198&]lectron-
emitting technologyEnergija, Moscow.

[4] Bendat, D & Pyrsol A, 1989Applied analysis of
random dataMir, Moscow.

YK 621.307.13

[0 NUTaHHA KOHTPOSO BUCOTU 30HU NIIaBIIEHHA
B TEXHOJOril eNTeKTPOHHOI eMicii 6e3TurenbHOI 30HHOI NTAaBKN KPEMHIlo
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OOTpyHTOBAaHO HOBHH MiAXiX 0 KOHTPOJIIO BHCOTH 30HU PO3IUIABY B IpOIeci OE3TUTEIHHOT 30HHOI TUIaBKH
KpEeMHIIo, IKHH BPaXxoBy€e eKCIIEPUMEHTAIEHO BCTAHOBJICHI 0COOIMBOCTI (hOpMyBaHHS OIS SICKPABOCTI.

KittouoBi crioBa: 3ona posniaey, e1eKmpoHHO-NPpOMeEHesa niaeKka, niaelentsl erMHZIO
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