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ABSTRACT

We adopt the quasi-steady-state thermoelastic analysis with the effect of
interface shape to predict the dislocation density pattern in Czochralski-pulled
single crystal. The results show that the dislocation density deduced from the
analysis with effect of curved inierface is quite different from that with eftect
of the planar interface. Quantitatively, this difference of the dislocation
density on sections near the interface between the two cases (planar and
curved interfaces) may exceed more than 20%, under normal operation
condition.

LINTRODUCTION

The dislocations generated during the growth from the melt of semiconductor crystals
by the Czochralski method can greatly degrade the electronic properties of the grown
material [1]. Although dislocation-free Si is routinely grown, the control of dislocations
is more severe in I1I-V compounds such as GaAs and InP, which have low yield stress

near their melting point, unless the lattice is properly hardened [2-5]. The generation of
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dislocations has been attributed to excessive thermal stresses by Penning for the growth
of Ge [6], and by Jordan et al. for the growth of GaAs and InP (7).

Following the seminal work of Jordan et al. on GaAs {7], several thermal stress
calculations have been published. Analytical solutions for the stresses have been presented
by Iwaki and Kobayashi [8-10] and by Szabo [11]. Numerical solutions have been presented
by Duseaux [12] who examined some limited aspects of the effect of neck geometry, by
Motakef and Witt [13] who examined the effect of the encapsulant, and by Lambropoulos
{14] who examined the stresses near the solid-liquid interface and the effect of creep thereby,
and the effect of crystalline anisotropy on the resulting thermal stress and dislocation
density [15,16].

A common conclusion of these works [7-17] is that all significant stress variation,
including maximum values, occurs within one or two radii from the solid-liquid interface.

All the thermal stress calculations mentioned above assumed that the sohid-liquid in-
terface is planar. But in reality, experimental evidence showed that the interface is curved
during the growll of Gads by the liquid encapsulated Czochralski method (18] Wilcox and
Duty [19] solved the steady state problem under the consideration of a heat balance on the
melt-solid interface. They showed that the interface is concave into the crystal. For large
Biot number and that the shape of the interface is approximately like parabolic. This con-
clusion was adopt by Lambropoulos et al. [20], who modeled the interface as parabolic and
implemented finit element techniques to quantify the effect of the deviation from planarity
of the solid-liquid interface on thermal stresses during Czochralski growth. 1, mhrepoulos
et al. claimed that the thermal stresses increase with the maximum characteristic height
of the interface curve especially near the center of the crystal. However, both the works of
Wilcox and Duty [19] and of Lambropoulos et al. [20] have neglected the transient term
in the governing conduction equation.

In this work, we intend to analyze the quasi-steady-state equation under the consid-
eration of a uniform heat flux through the bottom of the melt-solid interface [21]. While
doing this , we expect not only that the transient temperature profiles will be determined,
but also that the shape of the interface will simultanuously be determined by imposing a

constant melting temperature on it. These results will be shown later on in fiqures and
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we'll see that the shape of the interface is also deduced to be paraboelic-like. The radial,
tangential, and axial thermal stress components for a growing cylinder in a close form
are determined right after the quasi-steady-state temperature profiler are solved. These
stresses are then employed in evaluating the 12 resolved shear stress components of the
{111}, < 110 > slip system causing glide. Following Penning's hypothesis {6}, the disloca-
: . . ! - r T <
tion density is taken to be proportional to the same of these shear stresses. the total excess
shear stress. For this reason, it is conventient for us to only look cn the distributions of

the total excess shear stress.
2. THEORY

We assume that a uniform heat flux go transfers from the bottom of the crystal and
hat the canstant temperature at the curved interface is the melting point, Ty. The other
assumptions are followed after Jordan et al. [7].

Fig.1 sketches the coordinate system relevant to our Czochralski growth model. In the

interest of clarity, the vertical axes (Z and s) have been displaced from the crystal axes.

If o transform s — Z + pt and dimensionless variables © = ,—;‘_7-‘..% o= BE i = roh,
Vs P

L o= By A M ofies B g = B ) = Joro s TR . N T

h, 7 1 hy,p: P = e P rD,Q E Ty A introduced, the heat conduction

equation and all the corresponding boundary conditions will take the forms.

9’0 100 F0,
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2G| :
3y 1 Ole=s =0 (20)

a0
a—¢i¢:o =-Q. (2¢)

The dimensionless temperature is then sloved as
O=cF E Jo(pan) x [Ansinh Bu{¢ — ) + B, cosh B, (¥ — ¥)], (3)
n=1

where

2 2 P12
Ba? =an® + (5. (4)
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Furthermore, since the temperature on the curved interface 1s assume to be T: we

substitute © = 1 into equation (3) and have the equation of the interface expiessed as

ne Yoo Jolpan) Vi 1
Jo(ﬂ‘n)/‘n y’? Zn:]X_n_?n

Here we see that equation {12} determines the shape of the interface to be parabolic-like.

Then, assuming that the induced thermal stresses are in the case, the

plane strain ”
dimensionless axial stress 7y, the dimensionless radial stress dp- and the dimensionless

tangential stress o4. are [7):

a1l -—u; 1 /! (
- = - —_ ) 3al
o, ﬂE[Tf =T / BOpdp pl { Opdp (13a)
_ 03(1 —11‘)
oge = aE(T, <17, ) ] Qpdp + —~f Opdp — (13b)
- _o(1-v) _ / :
O'"(,- = aE—(j‘_‘!—‘_-—TT) -—2( ] Gpdp—O) (131‘!)

where E, v, a, are Young’s modulus, Poisson’s ratio, and the linear thermal expansion

coefficient, respectively.
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All the integrals in equation (13) can be readily performed by applying equation (3).
Hence, the stress components become

o0

b 1 ‘/
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3.RESOLVED SHEAR STRESS

According to Schmid’s Law [22], glide occurs when the resolved shear stress {ogs)
cxcecds a certain critical value, the so-called critical resolved shear stress. Since the disio-
cation density d.L is proportional to the glide strain, we may also take it to be proportional
to the o ge within an additive constant.

Slips in GaAs and other semi-conductors crystallizing in the diamond or Zinc blende
structure are associated with the {111}, < 110 > slip system [23]. The {111},< 110 >
slip system represents 12 permissibic glide operations, that 1s, four {111} slip planes, each
centaining three possible < 110 > slip directions.

According to the work of Jordan et al. [7], setting an appropriate coordinates system

to perform the stress transformation, we have the proportionality

d) & 0o- = 4o | + 2[|ogi-| + |oe| + lowve | + lov-1], (15)

where

o = :{Q(a’,- — g~ ) cos 26,
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4.RESULTS AND DISCUSSION

Inspecting on equations (3), {14}, and 1(15), we realize that the results of this work are
q'.-]aixtative]y like to that Jordan et al. {7} obtained. This means that all the parameters
i::ﬂuencing the temperature, the induced thermal stresses, and the dislocation density
have the qualitatively same effects. However, results of the present study are quantatively
different from that of Jordan et al. i7]. Fig. 2 ~ Fig. 4 are sketched by computer to
compare botli the results of this study and the work of Jordan et al..

Fig. 2 show the dimensionless temperature di

butions at t=3600 sec withi isothermal
fnes under conditions of planar meli-solid interface and curved interface, respectively. The
1sothermal lines under the conditions of curved interface are denser than those in the planar
interface case, both in ¢— and p— directions . This means that the temperature gradients
n the case of curve interface, both in v~ and p- directions, are larger than those in the
case of planar interface. For this reasoil, it is rationa! to belive that the induced thermal
stresses in the case of curved interface will be larger than those in the planar interface case.
Fig. 3 cumpares the three components of thermal < ress, at time t=3600 scc and hight
¥ = 0.5, in both the cases. It is obvious that there are apparent differeces of the strasses
between the two cases. Also at time t=3600, the distributions of dislocation density on
the section at the hight ¥ = 0.5 is shown in the Fig. 4 . There are two diagrams in Fig.
4 : the distribution of dislocation density of the planar interface case is on the left and
the other is on the right. It can be seen that although both the two diagram possess the
same qualitative characteristics, there is obviously quantitative difference between them.
The dislocation distribution under the curved interface condition is higher than that in
the planar interface case at every point on the section. Comparing both the dislocation
density around the peripheries in the < 100 > direction, we see that the difference between

the dislocation maximums may exceed more than 20%.
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5.CONCLUSION

Here we applythe condition of constant heat fux through the plane at v = 0 to
investigate the QSS system with the effect of curved interface. The absolute values of the
induced thermal stresses in this case are seen to be larger than those deduced from the

assumption of planar interface. The results show that the maximum dislocation density is

evaluated to exceed more than 20%. when comnared to the result of Jorden et al. (7],
; I L7

6. NOMENCLATURE

a lipear thermal expansion coefficient, p  pulling rate, em/s

d, dislocation density, 1 dimensioniess puiling rate,
E  Young’s modulus, 9o heat flux, W/em?

i heat transfer coefficient, ern ™! Js dimensionless heat flux,
fra  bicai convection coefficient, W/emn - K r radial position, em

h; dimensionless heat convection coeflicient, ro crystal radius, em

hy, =p/2+h;. . t  time, sec

Js bessel function of the first kind with order Zero, T, ambient temperaturs, K
41 bessel function of the first kind with order one, Ty melting of solid, K

k  thermal diffusivity, cm?/s s height of crystal, emn

k, heat conduction coeflicient, W/em - K Z  axial position. cm

Greek symbols

a,  eigenvalues, P dimensionless height = s/ry,
v Posson's ratio, ¥:  dimensionless height = pt/ro,
o,  radial stress, g,  dimensionless radial stress,
oy  tangential stress, ay- dimensionless axial stress,

g, axial stress,

gg-  dimensionless tangential stress, -
p dimensionless radial, 0ot~ dimensionless the sum of the
absolute stress.

-~
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Fig. 1 -Stationary

DISLOCATION GENERATION DURING CRYSTAL GROWTH

= -pt37]

crystal

{2z} and moving {s) coordinate systems fur Czochalski growth. The stationary and

moving systems are anchored at the top-end and solid-liquid interface, respectively. Abeove the

interface, the temperature of the surroundings is uniformly Tg.

¢ yfray ssa[uolsuIWIp

1.8

06

- __'-0_8__--

dimensionless radius p

planar interface

Q=1

B

¢ yFroy ssa(uolsUAWID

o

N
.
02
L s,
- — )
e
04
. 0.6
- 0.8
l. .
Q=1 N

dimensionless radius p 1

curved interface

Fig. 2 -Constant dimensionless temperature contour lines in the ¥ — p plane for GaAs. The relevant

parameters are t = 3600s, p = 0.00lcm/s, rg = 2em, k = 0.04cm?[s, h = 0.6em™".
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Fig. 3 -Dimensionless radia (o= ), tangential (o6-) and axial (oy-) stress levels versus dimensionless

radius (p) for GaAs at ¥» = 0.5. The relevant parameters are same as in Fig. 2.

Fig. 4 -Constant oo~ or dislocation density contour lines of a < 00] > GaAs baule for the section

at ¥ = 0.5. The o,y levels are labeled, which can be converted into absolute stresses when

multiplied be (aE/1 - v)[(Ty ~ T - a)/200)
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