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Abstract

Structural defects in MLEK grown InP single crystals have been studied using synchrotron white beam X-ray
topography. Results here are presented for both a S-doped boule which was wafered longitudinally (i.e., parallel to the
growth axis) and an Fe-doped boule which was wafered laterally (i.e.. perpendicular to the growth axis). For longitudinaj
wafers from the S-doped boule. slip bands were observed to have nucleated from high-stress concentration located at the
peripheral regions of the boule and to have propagated into the interior of the samples. In the same crystals. the growth
interface morphology at different stages of crystal growth was determined. The interface is revealed as contours of equal
lattice parameter. visible via strain contrast. as the concentration of the dopant changed periodically during growth. The
interface shape was observed to be slightly convex to the melt, once the growth conditions were stabilized. For the
laterally sliced wafers from the Fe-doped boule, systematic studies revealed that the density of dislocations changed
during growth. A high density of uniformly distributed dislocations were observed in wafers taken from the early and
later stages of growth. On the other hand. dislocations in well-defined four-fold symmetric distributions were observed in
wafers sliced from the intermediate growth stages. The origins of this four-fold distribution were investigated using
athermal stress model which consisted of imposing a compressive radial stress. uniformly distributed around the boule
circumference. The calculated stress distributions also showed four-fold symmetry in agreement with the observed

dislocation distributions.
PACS: 61.70.Le: 61.70.Wp; 61.70.Ng
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1. Introduction

The increasing application of InP crystals as
substrates for optical and electronic devices has
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. ree. high-quality and low-cost single crystals. The
::rt‘.“[h of InP is complicated by its tendency to
').'Cy‘orm plasucally due to its low-yield stress [1]. In
k:.\!dilitm- temperature fluctuations imposed by tur-
;ulcnt convective flow can give rise‘to non-uniform
-ik»pdm distributions. Therefore. it is important
‘:‘»zh 1o suppress turbulent convective flow and to
;,1(11in1ize thermal stresses generated during growth
;mCCSSCS- Impro.vemen'ts in grystalline quality and
jjop’d“[ distribution umforxmty have been'demop-
.raled recently by employing the magnetic liquid
cncapsulated Kyropoulos (MLEK) method [2]. In
s technique. the turbulent convective flow driven
~ buovancy and surface tension forces is mini-
:q{;zcd by the application of an axial magnetic field.
{q addition, the occurrence of twinning is signifi-
ntly reduced by using a flat-top shaping tech-
~1que. avoiding the production of an elongated
.noulder region where twins often nucleate.

In this study. defect structures in MLEK grown
soped InP crystals have been characterized using
wnchrotron  white  beam  X-ray topography
SWBXT) [3. 4]. Investigations of structural defect
.onfigurations and their distributions in the
;::Icr;nt stages of crystal growth enabled the deter-
~mnation of the correlation between the develop-
~ent of the defect microstructure and the growth
snditions.

! Experimental procedure

The InP crystals studied were grown at Rome
.aboratory. Hanscom AFB, using the MLEK
zowth method. The details of the growth process
i furnace design have been reported elsewhere
NI

SWBXT experiments were carried out at the
veny Brook Svnchrotron Topography Station,
%umline X-19C. at the National Synchrotron
Light Source (NSLS), Brookhaven National La-
wratory. In this study, the transmission Laue ge-
@elry is emploved. A scanning mechanism [6]
+mprising both vertical and horizontal translation
“ages was employed to enable single exposure
2aging of large size wafers (17 x 1” for Fe-doped
viersand 2.5" x 1.6 for S-doped wafers). The crys-
48 were oriented in the beam so that the wave-
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lengths selected for the reflections used were
around 0.45 A, which is just above the In K absorp-
tion edge (0.44 A). to minimize photoelectric ab-
sorption. In addition. to prevent possible surface
deterioration of the crystals due to prolonged expo-

sure to the intense radiation, the longer wavelength
components of the synchrotron radiation. which
are most readily absorbed, were selectively re-
moved by employing a filter consisting of a few
hundred micrometers of aluminum. All images
were recorded on 8” x 10” Kodak SR-1 high-resolu-
tion X-ray film.

3. Results and discussions
3.1. Fe-doped InP crystals

Systematic imaging of wafers sliced perpendicu-
lar to the [0 0 1] growth direction from a Fe-doped
InP boule revealed that the density and distribu-
tion of dislocations changed at the different stages
of crystal growth. Dislocations of very high density
were observed in both the initial and final stages of
crystal growth. while in the intermediate growth
stages. a four-fold symmetric distribution of dislo-
cations was revealed separated by regions of low
dislocation density,

Fig. 1 is a transmission X-ray topograph re-
corded from a wafer sliced near to the seed. A twin
lamella (T) nucleated from the flat top of the crystal
was observed. Detailed analysis of the diffraction
patterns recorded from this twin-related region re-
vealed that the operative twin operation consists of
a 180" rotation about the (1 1 T) plane normal. The
X-ray topograph also revealed that a high density
of dislocations was generated in this region. The
density of dislocations reaches a maximum in the
peripheral regions of the wafer along the crystallo-

graphic (1 00) directions. Fig. 2a is a transmission
topograph recorded from a wafer sliced from the
intermediate growth stages. A well-defined four-
fold symmetric distribution of dislocations is
evident. The regions of high dislocation density
are again observed to lie near the periphery of the
wafer along (10 0) directions, while the density
of dislocations reaches a minimum along (110>
directions. Fig. 2b is a highly magnified X-ray
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Fig. 1. Synchrotron white beam X-ray topograph {g = 300. 2 = 045 A) recorded from the initial stages of crystal growth showing the

formation of a=high density of dislocations.

topograph enlarged from region A, where a very
tow density of dislocations is observed. Individual
dislocations {D) are clearly visible. A dislocation
density of approximately 10% em ™ can be deter-
_mined. In contrast to Fig. 2b. Fig. 2c is a highly
magnified X-ray topograph recorded from region
B showing a very high density of dislocations. Since
the dislocation density is close to the resolution
limit of the technique. a dislocation density of ap-
proximately {0°cm~* can be deduced from this
topograph. Fig. 3 1s a transmission X-ray topo-
graph recorded from a wafer sliced near to the tail
end of the boule. This topograph revealed a uni-
formly distributed, high density of dislocations.
X-ray topographic observations revealed that
the density and distribution of dislocations changes
ai the different stages of growth. A high density
of dislocations is observed in the region near to
the flat top of the crystal where the growth process

started. The density of dislocations then decreases
toward the intermediate growth stages, and
then increases again in the final stages of crystal
growth.

3.1.1. Modeling the origin of the dislocation
distributions

[t has been shown that in liquid encapsulated
Czochralski growth, significant radial thermal
stresses can be generated when the newly solidified
region is pulled from the melt [7]. If the stresses
exceed the vield stress of the material, dislocation
slip bands can be generated to relieve the excess
thermal stresses. The formation of extensive slip
bands (S) from peripheral regions in all the wafers
studied appears to be consistent with earlier
observations. In addition. X-ray topographic stud-
ies of dislocation distributions revealed that the
density of dislocations changed along different
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b 2 ta) Synchrotron white beam X-ray topograph tg = 300, & = 0.45 A) recorded from the intermediate stages of crystal growth
-newing the formation of a four-fold symmetric distribution of dislocations: (b} and (¢} are highly magnified X-ray topographs recorded

~m the regions A and B. respectively.

nystallographic directions. In most of the wafers
studied. a high density of dislocations can be ob-
<rved near the peripheral regions along <100}
directions. while it reached a minimum along
110} directions. A well-defined four-fold Svim-
metric distribution of dislocations was also ob-
wrved in wafers sliced from the intermediate
rowth stages. In order to investigate the origin of
weh dislocation distributions, a thermal stress

model composed of uniformly distributed. com-
pressive radial stress was introduced.

Slip in crystals with the zinc blende structure
such as [nP are activated on twelve /1 111{110)
slip systems. The resolved shear stress for each of
these slip systems for crystals grown along the
(00 1] direction can be calculated using Schmid’s
law [8]. Fig. 4 shows the calculated shear stress
distribution on the (00 1) plane. The shear stress
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Fig. 3. Synchrotron white beam X-ray topograph (g = 4 00. % =045 A) recorded [roi the final stages of crystal growth showing the

forn‘aL on of a high density of dislocations.

reached its maximum along the crystallographic
(100> directions, while it reached a minimum
along the (1 1 0) directions. Since the overall dislo-
cation density is proportional to the total excess
shear stress. which in turn is related to the local
shear stress value. the calculated result is in good
accord with the observed dislocation distributions.
It is. therefore. expected that the compressive radial
shear stresses likely to be experienced by the crystal
during growth can give rise to dislocation genera-
tion which leads to the observed distribution.

S-doped InP crystals

3.2.1. The morphologv of growth interfaces

In melt growth. the morphology of the growth
interface is strongly influenced by the growth con-
ditions. Important information regarding the tem-
perature profile of the melt. microscopic growth

rate variations and the relationship between
growth conditions and crystal perfection can be
directly deduced through the observation of the
shape of the growth interface at the various stag&
of growth. In both LEC and LEK growth methods,
growth rate fluctuations caused by effects such as
unstable thermal convection and crystal rotation
can give rise to inhomogeneous dopant segregation
along the instantaneous solid-liquid interface
[7.9]. Precipitation of the dopant material cap
occur if the dopant concentration reaches its solu-
bility limit. This leads to a lattice distortion (mainly
a lattice parameter variation) along the solid-liquid
interface. If the lattice distortion creates a localg
orientation which is greater than the perfect czy
rocking curve width, growth striations can

vealed on X-ray topographs as contours of equlf'

lattice parameter [10]. The hlgh degree of straig
sensitivity (Ad/d ~ 107°-107%) of X-ray topogra]
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fesolved Shear Stress
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~ particularly well suited for detecting the small
arains associated with the small changes in dopant
-wncentration. Thus. the shape of the solid-liquid
aterface at various stages of growth can be deter-
suned through the observation of these striations.

Fig. S 1s @ iransmission X-ray topograph re-
rded from a i1 10) wafer sliced longitudinally
ieom a heavily sulfur-doped [0 0 1] InP crystal. The
maorphology of the growth interface at the different
wages of crystal growth i clearly delineated by the
growth striations {(GS). In the initial growth period.
shen the flat top of the crystal was grown. no
aulling was employed. A growth interface convex
w the melt was observed. However. a significant
shange 1n growth interface morphology occurred
shen the pulling process was initiated. A bimodal
dupe of growth interface, comprising a convex
=ponin the center and two concave regions near
e outer surface of the crystal was developed. In
% MLEK growth method. the axial temperature
radient in the melt is low (20-40 C’cm) so that

. The distribusion of resolved shear stresses on a plane perpendicul
sradient-induced. uniformly distributed. compressive radial stresses.

[110] .

ar to the (00 1) growth direction in crystals subjected to

a small temperature fluctuation can influence the
stability of crystal growth [2]. An abrupt change in
the morphology of the growth interface indicates
the occurrence of a significant temperature fluctu-
ation when the pulling process started. This can
possibly upset the stability of the crystal growth
and lead to dislocation generation.

X-ray topographic observations also clearly re-
vealed the evolution of growth interface morpho-
logy in the subsequent stages of crystal growth. For
the outer surface region. the curvature of the con-
cave interface decreased gradually, while the con-
cave growth front moved into the interior of the
crystal. On the other hand. the curvature of the
concave growth interface decreased. This result
strongly indicated that the temperature fluctuation
generated in the beginning of the pulling process
can have an effect on the stability of the growth
conditions in the later stages of crystal growth.
while the decrease in the curvature of the concave
interface suggested the suppression of temperature
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Fig. 5. Synchrotron white beam X-ray topograph (g = 004. 3 =045 A) recorded from a longitudinal cut (1 { 0) S-doped InP waler
showing the morphology of the growth interface (I} and the formation of slip bands (S, to Sz i

Auctuations in the following stages of crystal
growth. A well defined. slightly convex shape of
growth interface was developed in the final stage of
crystal growth. The temperature fluctuation gener-
ated at the beginning of the pulling process has. by
this point, fully diminished. The recovery of growth
interface morphology strongly suggests that the
thermal and growth conditions in the subsequent
growth stages were stabilized so that no new. signif-
icant temperature fluctuations disturbing the
growth interface after the pulling process started
were experienced.

3.2.2. The distribution of dislocations

In melt growth. dislocations can be generated
during crystal growth if growth accidents such as
large temperature fluctuations and compositional
inhomogeneity occur [ 7]. On the other hand. dislo-
cation multiplication and propagation can occur if
thermal stresses were introduced during the cooling
process. Investigations of the distribution and
configuration of dislocations are important to de-
termine the relationship between dislocation gen-
eration and the growth conditions used.

A very high density of dislocations was observed
in the region where the significant changes occurred

in the morphology of the growth interface. The
variation in the morphology of the growth interface

- evidenced the instability of the growth conditiops,

It is expected that large thermal stresses cag
be induced by temperature fluctuations and give
rise to the formation of a high density of disloca.
tions observed in this region. In addition, numer-
ous slip bands (S; to S;) nucleated from
the peripheral regions and propagating into the
interior of the crvstal were also observed. The
diffuse contrast in the slip bands and in theit
surrounding crystal volume is due to the long.
range strains associated with a high density of
dislocations piling up on their slip planes [11, 12}.
By analvzing the projected direction of these slip
bands in different reflections. they were determined
to be lving on the (1 1 Ti. (1 T 1), and (1 1 1) planes.
respectively. In the crystal studied, dislocations
were caused by plastic deformation to relieve ex-
cessive thermal stresses associated with large tem-
perature gradients developed during the pulling
and the subsequent cooling processes. This result
strongly indicated that an optimization of the
thermal conditions during crystal growth can be
important to improve the crystalline perfection i
as-grown crystals.
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n Conclusions
v Fo-doped InP crystal

| A thin twin lamella nucleated from the flat top
i the boule. where the growth process initiated, is
shserved. The twinning operation is determined to
he o 180° rotation about the {1 1 I) lattice plane.

- The density and distribution of dislocations
\-h;—mged in the different stages of crystal growth.
\ very high density of dislocations was generated in
noth the initial and final stages of crystal growth.
L hile a well-defined four-fold symmetric distribu-
son of dislocations is observed in the intermediate
owth stages.
3 The distribution of shear stresses in a plane
‘.‘-mcndicular to the [001] growth direction is
-aleulated using a thermal stress model which in-
.olved the application of a uniformly distributed,
compressive radial shear stress. The calculated re-
Lltis in good agreement with the observed disloca-
qon distributions.

2t

i S-doped InP crystal
i The morphology of growth interfaces can be
wrongly influenced by the growth conditions. A sig-
aticant change in growth interface morphology
~curred when the pulling process was initiated.
The likely origin for this lies in the fact that the
siobal heat transfer environment of the growth
~rocess. which includes both the convection flow
imven by buoyancy and surface tension and the
‘hickness of the encapsulant layer. were changed
vhen the pulling process started. This can poten-
.ally cause a change of the flow pattern of the melt
ind give rise to a modification of the growth inter-
s« morphology. In the crystal studied. a bimodal
swape of growth interface comprised of a convex
nterface in the center and two concave compo-
sents near the outer surfaces of the crystal was
developed.

¢ Numerous slip bands nucleated from peri-
steral regions and propagating into the interior of
e crystal were observed. This observation re-
s«aled that thermal stresses associated with large
emperature gradients were induced during the
wmiling and the subsequent cooling processes. [t is

[
v}
~3

expected that an optimization of the thermal condi-
tions during crvstal growth can significantly im-
prove the crystalline perfection in as-grown
crystals.
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