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ments and no physical contact with the specimen
is necessary for such observations. A variety of
domain patterns has been studied in Fe't3% Si
alloysr, an example is shown in Fig. 2. This is a
topograph of part of a thin (112) plate, thickness
about 50 p. The pattern, though complicated, is
simpler than the colloid pattern. The X-ray
pattern averages the strains of surface closure do-
mains over a range of several microns, producing
a stripe pattern with stripe repeat period in the
range 10 to 15 microns. The stripes lie either along

[ZOt] or along [021], these directions representing
the outcrops of the two cube planes most steeply
inclined to the (112) surface. The boundaries
separating areas of differently directed stripes are
90' Bloch walls and they lie along [tt1] or [110].
Extra strong stripes can be seen leading from
corners in the 90' walls: they show the location

of 180" Bloch walls.
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S 1. Introduction
In some silicon single crystals, surfaces are

unusually roughened by chemical polishing.
Such specimens were studiecl by X-ray dif-
fraction micrography of the Lang method and
a preliminary report was already givenl). In
this paper some resuits of further studies are
reported.

$ 2. Experimentals

Specimens of thin plates and a pillar were
prepared from silicon single crystals made by
the floating zone method and the pull method.

a Pair of Rods and

Crystals Observed

Micrography

Three kinds of etchant were used. One
etchant is a solution of HF (1 part) and HNOg
(2 parts), which is used for fast etching.
Another is a solution of Htr (1 part), HNOs
(2 parts) and CHsCOOH (1 part), by which
a smooth surface was obtained for the present
specimens. Dash's etchant is used for obtaining
etch pits. The experimental technique of
X-rays is the same as the one previously used

by the author2) and, in principle, the one of
Lang. AgKar radiation from a source of
effective size of 25 px40 p was used under the
operating condition of 50 kv and 1 mA. As
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Two kinds of characteristic images, a pair of rods (or dots) and platelets are observed
by X-ray diffraction micrography. The former is observed for specimens grown by
the pull method as well as the floating zone method and becomes weaker in intensity
or disappears with a heat-treatment. The Burgers vector of this defect is parallel to
a (111) direction. The latter is observed for specimens grown only by the floating
method and found to be in a i111] plane, where the distortion is minimum in the [111]
direction in contrast to the former case. The intensity contrast becomes stronger
with a heat-treatment at 950'C for 30 minutes.



M. YoSHIMATSU

photographic plate Fuji nucleus piates with
emulsion 50 p thick were usecl.

$ 3. Unusually Etched Surfaces and Etch
Pits

Optical micrographs of the etched (111) sur-
face are reprocluced in Fig. 1. Both crystals
were made by the pull methocl and etched
by the 1st etchant. In Fig. 1(a) the surface
is smooth, while in Fig. 1(b) roughened in
the central region. The latter characteristic
phenomenon was also observecl for the sur-
faces {110} ancl {211} cut parallel to the growth
axis frorn the same mother crystal. Such
abnormally roughened surfaces were often
observed for crystals made by the floating
.zone method and some-times for crvstals bv
the puli method.

Fig. 1. Optical photographs showing a smooth
surface and a roughened surface after etching.

FiS. 2. Optical photographs of special etch pits
and a disiocation etch pit on the (911) surface,
respectively.

Fig. 2(a) shows patterns of etch pits revealed
by Dash's etchant. The etching was done at
50"C for a few dozen minutes. In this stage
of etching, etch pits due to dislocations clid
not appear. For comparison, the etch pit of
'clislocation obtained by deep etching (for about
24 hours) is reproduced in Fig. 2(b). These
special pits were confirmecl to correspond to
a new type of defects which were found on
.a surface by stereographic observation of

X-ray diffraction micrographs, as will be de-
scribed in ga(iii).

S 4. Observations by X-rays
i) General J'eatures of lattice defects. A

typical X-ray micrograph taken from a
specimen made by the pull methocl is re-
produced in Fig. 3. In this photograph many
images with a noticeable feature are observed
besides dislocations. Most of them consist of
a pair of rods. The length of rods varies with
the individuals. They are sometimes as long
as a half millimeter, and sometimes shorter
and lock rather like a pair of rods. On the
other hand, it is to be noted that the separation
of a pair is roughly the same and about 50 p
when the length of the rods is not shorter
than the separation. In the case where the
rods are shorter than the separation, there is
a tendency that the separation becomes shorter
with the rod length. As a general tendency,
it is observed that the images are longer and
the density is higher in the upper, half part
of the photograph which corresponds to the
inner part of the crystal, than in the lower

Fig. 3. X-ray photograph showing images of a
pair of rods (or dots).

&

:", i --

1mm

| ''t ;

L"i t
t i,Lrr
ll4')I I ' J r.*
[--+ tr r rl

JJtI

. aq^
"ftd l t}

f."l.\t-t&
*S)*l:( 1-r**rlst#.#flr*cft\*,**x*l.-."*ffiLd4|iwry

-,m
5op



Latti,ce Defects i,n Si,li,con Obseraed, bA X-rau Di'ffracti,on Micrographg

part. Near the crystal circurnference any
images of this kincl were not observed. This
tenclency as to the clistribution of defects is
consistent with the feature of the etched
surface mentionecl above.

ii) Shape cuul itttensity contrast. In order
to stucly the variation in shape ancl intensity
contrast of images with clifferent reflections
in cletail, a pillar specimen was prepared from

the same mother crystal. X-ray photographs
are reproclucecl in Fig. a(a). A top view of
the specimen ancl a pole figure projected
along the spet'imen axis l2I1] are given in
Fig. a(b) ancl (c), respectively. As seen from
the pole flgure, projecting clirections for
each reflection are illustratecl in the picture
of the specimen. Now let us notice the image
indicatecl by an arrow. This image consists
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by different reflections (a), a top view of
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of a pair o[ rocls for the (111) reflection, while
it appears as a rocl with a cliffuse boundary in
one sicle for the (022) reflection whose reflecting
plane is perpenclicular to the (111) plane. In
the (1-13) reflection it is observecl as a pair of
rocls, in spite of the clirection of projection
making an angle of about 30" against that for
tlne (022) reflection. From these variations
in shape, it is concluclecl that the region re-
sponsible for the image shoulcl be as illustratecl
schematically in Fig. 5. The axis of the rocls
is along the [110] direction. The pair of rocls
is founcl to be in the (1I2) plane, in other
worcls, the rocls lie sicle by sicle in the [111]
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clirection.
Next, let us consicler the intensity variation.

The intensity contrast is strongest for the
(111) reflec:tion among clifferent reflections
ancl the in.rage <lisappears for the (220) re-
flection whose reflecting plane is normal to
the rod ax!s, although the image itself is not
observecl in this case. Furthermore, the
images cloes not clisappear but has a consider-
able intensity for: the (022) reflection whose
reflecting plane is parallel to the [111] axis.
F rorn the above lacts, it may be concluded
that the maximum strain gradient contributing
to the maximum intensity enhancement, in
other worcls, the Burgers vector of this defect
is parallel to the [111] clirection.

iii) It'ttcractiot't bcttuccn the dislocation and
thc pair o-f rods. In Fig. 6, a pair of photo-
graphs for the stereographic observation is
reproclucecl. They are taken by the (111) and
(111) reflections. It is obser:vecl that clislocations
pass through pairs of rocls. This situation
seen in a region inclicatecl by rouncl circles is
clrar,vn schematically in Fig. 6(b). This means
that the present clefect has something to clo

rvith the rl:slocation line.
Fis. 5. Schematic drawing showing the regions iv) Platc'lilec imagcs. Besicles the image of

responsible fur the image of the pair of rods a pair of rocls (or clots), plate-like images were
indicated by an arrow in Fig. 4 (a). observecl. These image were founcl only in
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Fig. 6. (a) A pair of X-ray photographs for stereographic observation. (b) Schematic drawing

shows stereographic picture within the region indicated by round circles.
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crystals grown by the floating zone method
as far as we examine(I, while the former
defects were foun(l in crystals grown by both
floating zone ancl pull methocls. An example
of photographs is reproclucecl in Fie. 7.

1mm

Fig. 7. X-ray photograph showing plate-like
images.

The variation in intensity contrast with
reflecting planes is also clifferent from that
for the rocl-like clefect. The intensity contrast
is minimum or almost clisappears for all other
reflecting planes.

v) Efect of l'tcat-treatmcnt. In order to
study the nature of these clefects, a heat-

bg X-rag Di,fraction Micrograplty

treatment was triecl. With a heat-treatment
at 950'C for 30 min, it was observecl that the
defect of the former type clisappearecl, whereas
the defect of the latter type increased in
intensity contrast without growth oI its size.

S 5. Discussions

i) As was mentionecl in S4(ii), the intensity
variation of the image of a pair of rocls can
be explainecl neither by the orclinary rlislocation
loop nor by the stacking fault. As one pos-

sibility, the nature of the intensity variation
can be explainecl in terms of the sessile clis-

location.x Let us consicler the case where a

vacancy cluster collapses to an elongatecl clis-

location loop, ancl the plane of the cluster or
the dislocation loop is parallel to the (111)

plane. In this case, the Burgers vector is
paral1el to the [111] clirection. The intensity
contrast shoulcl be the strongest for the (111)

reflection, ancl moreover it shoulcl rlisappear
for the reflecting plane which contains the
Burgers vector ancl is perpenclicular to the
long axis of the loop. Thus, the observecl
intensity variation of the image can be ex-
plained in terms of the sessile clislocation.
However, it shoulcl be noticecl that a pair of
rocls observecl actually in the photograph cloes

not corresponcl clirectly to the clislocation loop
concernecl. That is, the observerl rocls lie side
by srde in the [111] clirection which is normal
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Fig. 8. Illustration of regions contributing to the
formation of a pair of rods in terms of the
sessile dislocation.

* According to a suggestion of Dr. C. Elbaums).
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to the plane of the clislocation loop. This fact
could be explainecl in the following way.
Here, it is to be rerler.nberecl that in the case
of electron rnicroscopy the image clue to the
clislocation loop lies in the (111) plane itself.
In X-ray cliffraction rlicrography, the irnage
is thought to be lormecl n-rainly by the slrghtly
clistortecl region far apart from the clislocat:on
loop, narnely m:sorientecl lvith the orcler of
seconcl in arc, i:or-nparecl with the case of
the electron microscopy, as sholvn in Fig. 8.

ii) According to Kobayashi,') the appearance
of the rocl-like image seems to clepencl only
on the temperature conclition cluring crystal
growth, but not on the atmosphere of gas.

iii) Dr. Gilmanr') suggestecl another possible

explanation in tenns of rlipole clislocations.
The variation of intensity contrast as well as

the position of the image can be also explained
by this moclel.

iv) The origin of the plate-like image is
being studiecl.

The author woulcl like to express his hearty
thankfulness to Prof. K. Kohra for his kind
guidance ancl to Dr. Y. Shimura for his en-
couragement cluring the course of this study-
The author is also grateful to Dr. C. Elbaum
for his suggestion, ancl to Dr. T. Suzuki and
Dr. A. Kobayashi for supplying silicon crystals
usecl in this stucly ancl for their cliscussions,
and to Mr. K. Sakayama for his technical
assistance of taking photographs.
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DISCUSSTON

Elbaum, C.: It seet.us to me that additional evidence for suggesting that the clefects
uncler cliscussion are prismatic dislocation may be basecl on the fact that their clensity
clecreasecl towarcl external surfaces.

Kohra, K.: The clifficulty is that the observecl image is clisplacecl from the position
of the clefect. Therefore, the suggestecl explanation is only tentative.

Auleytner, J.: How much cloes the intensity of the cliffractecl beam increase in the
region with the clefect? In our stucly of the clistortecl region clue to inrliviclual clis-
locations in Si, the increase was not more than l0% of the intensity from the perfect
region.

Kohra, K.: We have not measured the intensity, but the intensity increase seems
to be much more than l0% in our case. The magnitude of the intensity increase
depencls sensitively on the experimental condition such as the spreacls of angle and
wave length of the inciclent beam.

Bragg, R.H.: A few years ago Prof. Azaroff (Illinois Inst. of Tech.) ancl myself
macle reflectecl intensity measurements on silicon single crystals which contained no
dislocations (as cleterminecl by etch plt counts). Even so the intensity was about a
factor of two higher from the eclges than from the center.

Auleytner, J.: I think we have obtained the different results because we usecl
different methocls. In some case the overlapping of curves takes place so that the
intensity increases.

Young, J.W'., Jr.: Have you measured rocking curves on the same specimens for
which you have X-ray topographical pictures? I would be interestecl in comparing the
two types of measurements.

Kohra, K.: We have not yet measured the rocking curve. But, as we shall report
in the next paper, we have triecl such a comparative stucly on a specimen of Si con-
taining segregatecl oxygen. We should like to apply the comparative stucly to some
other specimens as well as the one studied here.


