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An improved growth technology to grow Ge-rich GeSi bulk single crystals with desired uniform
and/or compositionally graded profiles on the basis of the modified Czochralski method using Ge seed, Si
and Ge source crystals has been analyzed theoretically with a view to establish the optimum processing
conditions in preparing bulk mixed crystals. It was found that a numerical model can be successfully
applied for estimating the operational parameters (growth and feeding rates, a starting melt composition) in
preparing Ge-Si single crystals with a desired composition profiles. The experimental concept for
preparation of Ge-Si mixed crystals is described.

INTRODUCTION

Ge-Si alloy crystals are attractive for many applications because the lattice
parameters and the energy gap, which controls the opto-electronic properties, can be
adjusted by changing the composition. Ge-Si alloys for electronic and opto-electronic
applications are usually prepared as thin films on substrates by epitaxial growth
technique. To study the intrinsic properties in a fundamental viewpoint, it is necessary to
grow bulk single crystals of Ge-Si alloy. Bulk Ge-Si crystals also have applications in
solar cells, intrinsic and extrinsic photo-detectors, low temperature thermoresistors, high
temperature thermoelectric generators, etc. Bulk growth of Ge-Si has been studied in
some detail using the Czochralski [1-5], Bridgman [6-9], floating zone [10-11] and
multicomponent zone melting [12] methods. Almost in all of these crystals Ge and Si
compositions gradually decreases along the growth direction because of the use of
limited amounts of the growth melt. The main reported difficulties arise from the
following characteristics of the alloys: The strong segregation of the components during
the pulling process which leads to constitutional supercooling in the melt near the front of
crystallization; the absence of adequate seed rods, which are necessary for the
initialization of single crystalline growth from highly concentrated solutions. The first
problem can be solved under allowed pulling rates and thermal conditions and can be
evaluated by the Tiller criterion [13]. The second problem of the initialization of the Ge-
Si single growth may be solved by different ways [5]. In our case we shall use a method
[1] in which at the very beginning a Ge crystal has been pulled. Then Si and Ge feeding
rods are dipped into a Ge melt and the growing Ge single crystals changes into a Ge-Si
crystal.

Pulling from the melt is an advantageous method for growing bulk single crystals
of Ge-Si. The component distribution in Ge-Si crystals grown by the conventional
Czochralski method [14] and under the continuous feeding of the melt with a Si rod [1]
were calculated recently, using a numerical model. A good agreement with experimental
data was obtained in both cases. In this paper, the component distribution in Ge rich Ge-
Si single crystals grown by Czochralski method using Ge-seed and continuous feeding of
the melt with Ge and Si rods has been analyzed theoretically. The purpose is to develop
a new technique for preparation of bulk single crystals of Ge-Si alloys with a desired
uniform and/or compositionally graded profiles.
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THEORY AND NUMERICAL MODELING

The problem of the components distribution in Ge-Si crystals grown by
Czochralski method using a Ge seed and Si and Ge feeding rods was solved theoretically
under the following assumptions. At the growth front, the crystal and the melt are in
equilibrium. The growth front is always planar. The solving of the Si and Ge rods is
completed totally after immersing them into the melt. Diffusion in the melt is fast enough
that the melt composition is uniform throughout. Interdiffusion in the grown crystal is
negligible.

Below, the following designations are used: V, and V, are the initial and current
melt volumes; C is the total amount of Si in the melt; C, and C, are the atomic fraction
of Si in the liquid and solid phases, respectively; V. is the volume of the melt solidifying

per unit time; Ve and Vs;are the volumes of the Ge and Si feeding rods solving per unit
time, respectively; K=C_/C, is the equilibrium distribution coefficient of Si; and t is

time. Taking into consideration the above mentioned designations, we have:
dc, CV,-V.C C-V,C,
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Given that V., Vsiand Ve are independent of time, we have:
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Substituting equation (2) into equation (1) and integrating we obtain:
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where C} is the initial atomic fraction of Si in the melt. Taking into consideration the
following designations: y =V t/V,, a =V /V, and g =V, /V, we can rewrite equation (3).

1 T @-a-pydc
y=— 1—eXp _J' ( /8) I (4)
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The integral in equation (4) can be evaluated numerically using the equilibrium
segregation coefficients estimated from the phase diagram [15]. In this way, the fraction
of the solidified melt y =V t/V, can be determined as a function of C, and Si profile in

the grown crystal can be plotted against y .

The uniform Ge-Si alloy crystals are able to grow under the continuous feeding of the
melt with Si and Ge rods. In this case the composition of the growth melt must be kept
constant. Using equations (1) and (2) the following expressions for C, - const.

crystallization regime should be found

a Ka

= and Ce=—r—77—7. 5)
K-1+a+p K-1+a+p

c

Equation (5) shows the validity of the uniform alloy crystal growth for all K>1 and
constant values of « and g . If the melt composition at the start of growth is in
accordance with equation (5) then fully uniform Ge-Si crystals are grown.

Fig.1 shows the results of numerical modeling of the Si profiles in Ge-Si crystals as a
function of the fraction of the solidified melt () for different values of «, when
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a + $=0.5. The solid curves (1-4) were calculated using equation (4) with C?=0. The

dashed lines (17-4") correspond to C? derived from (5) for the same values of . The
profiles 1 and 1" due toa=0.5 correspond to the case when feeding of the melt occurs
only with a Si rod. In all cases with C=0 the gradually increasing Si content approaches

the saturated composition, which is defined by equation (5). Fig.1 shows that the length
of the graded and uniform parts of the crystal can be controlled by using two stages of the
feeding of the melt with different values of « [1].
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Fig.1.
Si composition in GeSi crystals grown with continuous feeding of the melt with Si and

Ge rods as a function of y for different values of a =V, V. , when a+£=05.

Solid lines (1-4) are due to C”=0. Dashed lines (1°-4") correspond to the values of

C for fully uniform crystal growth condition (equation (5)). Solid and dashed lines (1-4)

and (1™-4") correspond to the values of «=0.5; 0.2; 0.1; 0.05, respectively.

The obtained results demonstrate that the modified Czochralski method using
continuous double feeding of the melt with Si and Ge rods can be successfully used for
the growth of bulk Ge-Si single crystals with a desired graded and/or uniform

composition by variation of operational parameters-«, # and C,.

EXPERIMENTAL CONCEPT AND CONCLUSION

Experimental concept. In order to validate the predictions of the proposed model,
its result should be compared with experimental results. The experimental work can be
performed using a standard Czochralski technique with a supply mechanism of Ge and

Si source materials [6 ]. Fig.2 illustrates

the schematic drawings of the apparatuses
with growth materials in a double crucible.

% % Fig.2.

Gp S M- WM £ The Czochralski growth apparatus with a
\\%K L eeN LS e double crucible and supplying mechanism
S S of source materials (Si and Ge rods)

Crucible Melt
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The crucible is made from quartz. The inner wall of the crucible avoids the
destruction of the Ge and Si feeding rods on an axial symmetry of the temperature field
in the growth zone. The inner wall has a gap which connects the melts in the inner and
outer crycibles and provides conditions for mixing the melts between the crucibles. At
the very beginning a pure Ge single crystal is pulled using Ge seed which is dipped in a
pure Ge melt. Then Ge and Si feeding rods are continuously dipped into the melt and the
growing Ge changes into GeSi crystal. In order to keep the calculated value of « and g

constant for each stage of the process the pulling rate, diameter of the grow crystal, and
the source materials supply rates should be kept constant. A growth rate slower than 5
mm/h could be chosen, based on the equilibrium criterion between the crystal and the
melt [1]. The composition profile of the grown Ge-Si single crystals can be obtained by
line scans along the growth axis with an energy dispersive analysis by X-ray (EDAX)
system [11].

The obtained results bring forward the following conclusion. A numerical
modeling of the macroscopic axial composition profiles in Ge-Si single crystals grown
from a starting pure Ge melt (using Ge seed) followed with continuous feeding of the
melt with Ge and Si rods demonstrates that the modified Czokhralski method can be
successfully used for preparation of bulk single crystals of binary alloys with a desired
uniform and/or compositionally graded profiles.
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GCOXRALSKi USULU iLD SRINTINi Ge VO Si iL® QIDALANDIRMA RECIMIND® ALINAN Ge-
Si MONOKRISTALLARINDA KOMPONENTLSR PAYLANMASI

H.X.9JDOROV, Q.N.MBMMaDOV, KM.MUSTAFAEVA, V.K.KAZIMOVA

Bircinsli ve ya deayisan torkibli Ge-Si monokristallarinin Coxralski Gsulu ile arintini Ge ve Si
ilo gidalandirma rejiminde alinma texnologiyasinin optimal parametrlerinin musyyan edilmasi
maqsadi iloe igde bu kristallarda komponentlerin paylanma masalaesi nazeri analizi edilib.
Kristallann istenilon terkibde alima texnoloji parametrlerinin tayyin edilmasinda (erintinin
kristallasma ve qidalanma suratlori, arintinin ilkin terkibi) riyazi modellegsdirma Usulunun
muveffaqiyyetle tatbiq edilme imkanlar gosterilmisdir. Taklif edilon Usulun praktik konsepsiyasi
verilib.

PACHPEJEJEHNE KOMIIOHEHTOB B MOHOKPUCTAJIJIAX Ge-Si, BBIPAIIIEHHBIX
METOAOM YOXPAJIBCKOI'O C UCIIOJIB3OBAHUEM Ge 3ATPABKU U
NOANUTBIBAIOIIINX CJIUTKOB U3 Ge A Si

I'’X.A7ZKJAPOB, KHMAME/JOB, KM.MYCTA®AEBA, B.K. KA3BIMOBA

IlpoBenéH TeopeTHYECKUil aHAIU3 paclpeleieHus KOMIIOHEHTOB B MOHOKpuctaiuiax Ge-Si,
BBIPALIEHHBIX METOAOM YOoXpanbCKOTO C HCHOIB30BAaHMEM TE€PMAHHUEBOM 3aTPaBKH M HENPEPBIBHOU
MOANUTKH pacIllaBa CIMTKAMH U3 F€pMaHUs U KPEMHUsS C LIENBIO OMPENEICHUs ONTHUMAIIbHBIX YCIOBUU
JUIs BBIPAllMBaHWs MaTepualla ¢ 3aJaHHBIM OJHOPOIHBIM M II€PEMEHHBIM cocTaBamHu. IlokazaHo, 4TO
MaTEMaTHIECKOE MOJIEIUPOBAHUE PACIpPEAEIICHUsI KOMIIOHEHTOB B KPHUCTAJUIAX MOXET OBITh YCHEIIHO
MPUMEHEHO [JIs OMpECIICHUST OIMEPAlMOHHBIX MapamMeTpoB (CKOPOCTH KPUCTAIUTHU3AIUH W IOIAIMUTKH
paciuiaBa, HCXOJHBIA COCTaB paciuiaBa) JUlsl BBIPAIIMBAHUS TBEPIBIX PACTBOPOB C TPEOYEMBIM COCTABOM.
JlaHa KOHIleNIHs NPAaKTUUECKON pealu3aluu NPeaI0KEHHOI0 METOAa.

Penakrop: O.I'yceiitnoB
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