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Abstract This paper describes the structure of EFG silicon ribbons made in Poland. Twin
boundaries. twin lamellae, dislocations, and high- and low-angle grain boundaries were found to occur

in the crystals obtained. The investigations showed that graphite used for dies was largely responsible
for the rise of these defects.

INTRODUCTION

The production of semiconductor elements and devices requires -costly and
labour-consuming mechanical working involving orientation, cutting and polishing
of single crystals. The elimination of these operations in order to simplify the techno-
logical process, and thereby to reduce the price of product, demands the develop-
ment of new methods of production of all kinds of single crystals. Particularly
important is to develop a technique of obtaining profiled monocrystals of such
materials as silicon, sapphire, and two- or multicomponent semiconductor com-
pounds. Considering their future use, the research and technological works are
focussed primarily on growing single crystals in the form of ribbons, plates, fibres
and tubes, as well as ones having more complex geometrical shapes.

As a result of extensive studies of the use of photocells for the conversion of
solar into electric energy, silicon finds wider and wider application as the basic
material employed for their construction (Jakubicki, Kateki, 1978).

A method showing great promise of mastering the process of crystallization of
silicon ribbons, which are used extensively in solar batteries, is the EFG method,
introduced in 1971 (La Belle, 1971; Chalniers et al., 1972; Ciszek, 1972), or its
modified version CAST (Ciszek, Schwuttke, 1975). Basing on the assumptions
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of the EFG method, the present authors carried out the process of crystallization
of silicon ribbons and obtained a dozen or so ribbons. This paper attempts to
characterize the structure of the resulting crystals.

METHOD OF CRYSTALLIZATION

The EFG method utilizes the capillary effect which causes liquid silicon in the
capillary slot of the die to rise relative to the position of the free surface of liquid
silicon in the crucible. The shape and size of the crystallizing ribbon are determined
by the outer edges of the upper die surface.

Fig. 1. Initiation of the crystallization of EFG silicon ribbons
l_— die, .2 —lcapillgry filled with liquid silicon, 3 — liquid silicon layer, 4 — crystal, 5 — seed; a — filling of the ca-
pillary with liquid silicon, b — bringing the seed into contact with the liquid silicon layer spread over the die surface,
¢ — neck formation, d — expansion of the crystal at increasing pulling rate

Fig. 1 shows the initiation and course of the initial stages of ribbon formation.

The stage of stable growth (Fig. 1d) begins when the liquid silicon layer reaches
the outer edges of the die.

GROWTH CONDITIONS AND THE STRUCTURE
OF SILICON RIBBONS
The process of growth of silicon ribbons was carried out in a resista i
_ : nce heatin
crystallizer using Czochralski’s method, and in an induction heating crystallize%

without crucible, both specially adapted for this purpose. Graphite dies with a
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capillary slot 0.3—1.0 mm in width and 10—23 mm in length, and quartz cruci-
bles were used in all the runs. The processes were conducted in the atmosphere of
argon. The seeds showed orientation of the <112>{111} type. Pulling rate was
0.05—13 mm/min.

Microscopic examination of the resulting ribbons revealed the presence of:

— dislocations,

— twin boundaries, twin lamellae,

— high- and low-angle grain boundaries,

— point defects,

— graphite and silicon carbide inclusions.

Phot. I shows a fragment of the ribbon surface with visible dislocation pile-ups,
dislocation etch pits arranged in lines and twin lamellae. Phot. 2 is a scanning
electron micrograph of a fragment of the silicon ribbon fracture and its lateral
surface with visible parallel twin boundaries. The position of the twin boundaries
shows that the orientation of the ribbon differs from the initial orientation of the
seed due to earlier twinning.

The material used for dies affects significantly the structure of ribbons. One of
such materials is graphite. Due to the erosive action of liquid silicon on graphite,
graphite grains are detached from the capillary surface, becoming inclusions in
liquid silicon. As a result of reactive diffusion on the surface of graphite being in
contact with liquid silicon, a thin layer of silicon carbide forms at the capillary
surface. This layer is also subject to erosion and, in consequence, silicon carbide
inclusions get into liquid silicon. It has been found that the graphite and silicon
carbide inclusions present in liquid silicon are responsible for the formation of
twin lamellae and high-angle grain boundaries in the crystal during its growth
(Phot. 3). Small silicon carbide crystals discernible at the ribbon surface (Phot. 4)
formed as a result of silicon carbide inclusion getting to the edge of the solidification
front. The mechanism of formation of silicon carbide and graphite inclusions and
of silicon carbide crystals was discussed in a separate paper (Ciszewski et al., in

ress).
- The generation of transverse twin boundaries in the ribbon results in a change
in its initial orientation. This change in orientation is attended by a change in the
meniscus angle @,, due to which the regular shape of the lateral ribbon surface is
disturbed (Phot. 5).

At rapid growth rates (over 10 mm/min.), characteristic ridges form at the
ribbon surface (Phot. 6) due to constitutional supercooling taking place under
such conditions (Surek et al., 1977).

CONCLUSIONS

This paper is an attempt at characterizing the structure of silicon ribbons ob-
tained by the authors. A relationship has been found to exist between the structure
and the conditions of crystallization. The present investigations will serve as a
basis for the determination of optimum conditions of production of crystalline
silicon ribbons.
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Wojciech JAKUBICKI, Jerzy KATCKI

BADANIA DEFEKTOW
MONOKRYSTALICZNYCH TASM KRZEMOWY CH
OTRZYMANYCH METODA EFG

SitirieisZicizie niie

W artykule dokonano charakterystyki struktury ta$m krzemowych otrzyma-
nych metoda EFG w kraju. W uzyskanych krysztatach stwierdzono wystepowanie
granic blizniaczych, lamelli blizniaczych, dyslokacji, wysoko- i niskokatowych
granic ziarn. Na powstawanie wymienionych defektow istotny wptyw ma zastoso-
wanie grafitu jako materiatu na matryce.

OBJASNIENIE FIGURY

Fig. 1. Zainicjowanie procesu krystalizacji taSm krzemowych metoda EFG

I — matryca, 2 — kapilara wypeiniona cieklym krzemem, 3 — warstewka ciektego krzemu, 4 — krysztal,
5 — zar6dz; a — wypelnienie kapilary ciektym krzemem, b — zetkniecie zarodz z warstewka cieklego krze-
mu, rozlang na powierzchni matrycy, ¢ — utworzenie przewezenia (szyjki), d — rozszerzanie si¢ krysztatu
przy zwigkszaniu szybko$ci wyciagania

OBJASNIENIA FOTOGRAFII

Fot. 1. Fragment silnie zdeformowanej struktury tasmy krzemowej
I — skupienia dyslokacji, / — lamelle blizniacze, 3 — jamki dyslokacyjne uozone w linie. Pow. 50 x
Fot. 2. Szereg réwnoleglych, przebipgajqcych wzdiuz krysztatlu granic blizniaczych widocznych na
przefamie (z lewej) i na powierzchni tasmy (z prawej strony rysunku). SEM. pow. 100 x
j L?melle blizniacze i szereg szerokokatowych granic ziarn powstale w wyniku obecnosci wtrace-
nia grafitu w warstewce cieklego krzemu. SEM. pow. 260 x

; Charakterysiyczny krysztalek weglika krzemu obserwowany na powi hni tas j
S| y na powierzchni tasmy krzemowe;j.

Zaburz'enie réwnom!ernegp k'szlahu taSmy obserwowane na jej bocznej powierzchni, utworzone
w wyniku obecnosci w taSmie poprzecznej granicy blizniaczej. SEM, pow. 100 x

Mikrorowki powstale na plaskiej powierzchni ta§my przy duzych szybko$ciach wzrostu

Fot.

N A

Fot.

S

102

Bouyex AKYBULIKU, Excoi KOHLIKU

NCCNEAOBAHUA OEDEKTOB

MOHOKPUCTAIINTMYECKUX KPEMHMUEBbIX NEHT,
MONYYEHHbLIX METOAOM EFG

Pesrome

B cTtaTtbe NpuBeAeHa XAPAKTEPUCTMKA CTPYKTYPbl KPEMHUEBbIX fIEHT, MOMy-
yaembix B [lonbwe mMetogom EFG. B nonyyeHHbiX kpuctannax obHapyxeHo
HAAM4YMe ABOWHMKOBLIX TPAHMUL, ABOMHWUKOBLIX NaMenei, AUCIOKALMUA, BbICOKO
M HU3KOYrofbHbIX rpaHuy 3epeH. Ha obpaszoeaHue npueedeHHbIX AedeKTOB
CyLUlecTBEHHOE BIMAHME UMeeT NpUMEHeHNe rpadUTa KAK MATEPUANa HA MATPULLbI.

OBbACHEHWUE ®UTYPbI

®dur. 1. 3a4aTok Npouecca KPUCTANNUIAUMU KPeMHUEBbIX NeHT meTtogom EFG
1 — MaTpuua, 2 — KANUNNAP, HAMNONHEHHbLIW XKUAKUM KPeMHWEM, 3 — NNeHKa XMAKOro KpeMHWs, 4 —
KpUCTAnn, 5 — 3apoAbIW; @ — HANONHeHWe KANMUANAPA XKWUAKUM KpemHueM, b — conpukocHoseHnue 3a-
POALIWA C NNEHKON XUAKOrO KPEMHUA, PA3NIUTON HA MOBEPXHOCTU MATPUUbLI, ¢ — OBpazoBAHUE CyKeHUA
(wenkun), d — pacwmpeHne KpPUCTANNA NPU yBeNUYEHUN CKOPOCTHU BLITArMBAHUA

OBbACHEHME ®OTOrPADUN

®oT. 1. PparMeHT cCMNLHO AeepMUPOBAHHOM CTPYKTYPbl KPEMHUEBOW NEHTBI
1 — cKONNeHNA ANCNOKAUNUW, 2 — ABOUHWKOBbLIE NAMENU, 3 — AUCIOKALUNOHHbBIE BOPOHKM, PACNONOXKEHHbIE
B NuHuu. Yeen. 50 x

®ot. 2. Paa napannenbHbiX, pAcNONOXKeHHbIX BAONbL KPUCTANNA ABOWHUKOBLIX FPAHUU, BUAUMBIX
8 M3anome (C NeBOM CTOPOHBI) U HA NOBEPXHOCTH NEHTLI (C NPABOA CTOPOH bI hOTOrpauy).
C3M. Yeen. 100 x

dor. 3. [JBOHUKOBIe NAMENU M PAA WMPOKOYrONbHbIX PAHUL 3epeH, NOABUBLUMXCA B pesynbTare
HANMUUA BKNIOYEHWH rpadUTa B NNeHKe XUAKOro kpemHua. CIM. Yeen. 250 x

®oT. 4. XApaKTepHbIN KPUCTANNMK KAPEUAA KpEeMHUA, HABNIOAGEMbIi HA NOBEPXHOCTU KPEMHUEeBON
nenTbl. COM. Yeen. 250 x

®or. 5. HapyleHne pagHOMEPHO KOHDUry paUUU NEHTBI, HOGHDOAGEE‘IOe Haee 60Ko_soﬁ NOBEPXHOCTH,
BO3HMKLUEEe B pe3yNbTaTe NPUCYTCTBUA B NEHTE NONepeyHOW ABOWHWKOBOM rpaHMLLI. COM:
Ys. 100 X

®or. 6. MukpokaHasku 06pasosaBLIMecs HA NOCKOW NOBEPXHOCTH NEHTLI NpU 6onbWNX CKOPOCTAX
pocta
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Phot. 1. A fragment of defect structure of the silicon ribbon
I — dislocation pile-ups, 2 — twin lamellae, 3 — dislocation etch pits arranged in lines. x 50

Phot. 2. A series of parallel twin boun'darics running along the crystal, observed in the fracture (left part)
and at the ribbon surface (right part). SEM, x 100

Wojciech JAKUBICKI, Jerzy KATCKI — Investigations of defects in EFG crystalline silicon ribbons

MINER. POL. Vol. 10, No 2 — 1979

PLATE 11

Phot. 3. Twin lamellae and high-angle

grain boundaries owing their origin to

the presence of graphite inclusion in the
liquid silicon layer SEM, x 260

Phot. 4. A characteristic silicon car-
bide crystal observed at the silicon
ribbon surface. SEM, x 2500
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Phot. 6. Ridges formed at the flat ribbon sur-
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face at high growth rates

PLATE 111

Phot. 5. Disturbance of the regular shape of

ribbon observed at its lateral surface, due to

the presence of a transverse twin boundary in
the ribbon. SEM, x 100
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