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systems&;nvegtigatgd, and with speed of precipitation, if
several reactions .are neglected which participate in the
react.ion :system: In order to obtain single crystals free of
di“orders, srowth conditions have 6 be set up which make
possible growth by way of ‘two dimensional nucleus formation,
or at steps formed by screw dislocations. The load charge
and habitus of the -equilibrium form planes appearing under
these conditions during growth from the gas phase are depen-
dent on thé supersaturation. Thus, they determine the macro-
and mlcroscopic morphology of the single crystals which, in a
certain way, is also predetermined by the rod axis orientation

of the support. The morpholngical findings can be classified
as follows:

1) Shell or boundary planes which are either
a) smooth growing equilibrium form planes and shift
pd”allel in the direction of the normal, or
b) coarse planes whose subindividuals are made up
from equilibrium form planes

2) Surface profiles on the Shell planes with crystallo-
graphiually defined boundaries :which- are called steps.

~ There is a close connection between the morphology and
the true structure of such crystals in dependence on super-~
gsaturation; it can be classified as follows:

1) Growth with little supersaturatilon on macroscopi-
cally and miiroscopically stépped smooth, and particularly
coarsened planes will lead to an 1nhomogeneous crystat volume.
The inhomogeneities characteristic of this growth are desig-~
nated,as disorder areas .and layers, .and show an extent in the
form of sequential dislocation arrangements which is compar-
able to tne bulld-up of subgrain boundaries up to cracks as
coarse disorders in the same crystallographic directions.

2) Growth with higher supersaturation over macroscopi-
cally smooth surfaces, -especially if all shell planes are
equilibrium form planes, will result in a homogeneous (free
of disorder areis and 1ayers)crystal volume Irom molybdenum?
made by thermal decomposition homogeneous single crystals

witl. rod axis orientations of (110, {100y and <D
could be obtained which are bound by the equilibrium form
planes {110}, {1003, {211}, {irn} depending on tne
orientation of the rod axis. Tungsten8 grown according

FTD-HC-23-1787-T1
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to the samé procedure shouws {110} exclusively as equili-
briwn Jorm plane under favorable growth conditions, so that
only a1 will 1ead to exclusive limitation by smooth
(1o planes and thus to homogeneous single crystals.
It 1s the goal of this paper to characterize more closely the ,
fine siructure of these single crystals with metallograpnic
and x-ray methods. The coarse structure at cracks and sub-
grain boundaries can be made vis lee by optical microscopy
where pol;%hea {160} planes? also permut proof of dis-
locations with the help of etch pits, as well as by the berg-
Fairety %ecnnjquelo ;its advantages as against the micro-
scopical pfocedure were pointed out by Gunther 11 Under
the conditiens of the particularly clear arrangement. of dis-
order Tayers built up from dislocation seguences in uv“scals
mrown irom the gas phase, the Berg-Barrett technique (EB) is
at the JTimrit of résolution. The orientation differences of
such growtn iayers were obtained through rocking curves and
topographical recordings wmadz with a double- crystal spectro-
wmeter (chl 12 From the contrast variations of different
crystal sections, the UCS method also gives qualitative infor-
mavion on the kind and the preferred type of dislcocations in
the disorder layers. £ a)¥l x-ray topographical procedures
she Lang metnod 13 oi'fers the most favorable resclution
conc)tnons, however, it requires the moust .expensive sample
preparation. The Lang method supplies information on the
densify, the kind and type of dislocations.

Rresently, no theoretical statements are available on
the formation o coarse disorders like cracks or even dislo-
catlons in crystals grown from the zas phase so that the
results on the true structure were only organized according
¢ phenomenoclogy.

2. True Structure of Molybdenum and Tungsien Single Crystals.

2.1 Inhonogeneous Single Crystals.

2.1.1 Interaction of Morpholopgy and True JStructure.

To characterize single crystals grown {rom the gas
phase over macroscoplcally stepped shell planes, the degig-
nations growth region, - layer and disorder region layer
will pe used. Growth reiions are the crycstal volumog grovn

BP0 3= 72 (7]




b
e
s
[
[
b
4
b
1
Z:
4
E
£
¢
E
o,
L
L.
54
¥
&
£
4
;A

¥

ol d G e
v

IO PRSI

A »‘ngﬁ'f"‘l:‘w:;v B S
,

| :"’W"’W’W”’*MW‘I PRI

¥

S radtadiy into the: various criysiailographic directions which -
are bound at the surface by shell planes. The growih layers
are posi itioned in the growth regions and are the crystal
volumes which are bound at the suriace by the profile of the
g¢teps on the shell planes. Disorder regions are the transi-

tilon regions between growth regions and disorder layers are
the boundary planes of growth layers.

Fig. 1 shows a schematic of the growth and disorder
orientations lor a Noy s5ingle crystal. Growth areas
extend into 21y and (110  directions, also,  100)
and () regions may occur depending on the growth condi-
tions. The disorder regions and disorder layers appear at
the following places in the order of their extent:

.4% dlisonder regioils between colliding growth regions,
b) disorder layérs as. a trace of the hollow edges of
steps on coarsened planes,

c) -disoprder layers as trace of the hollow edges on
smooth planes. .

Furthermore, the extent of these  disorders decreases
with increasing $Supersaturation. This is caused by a »aduced
supersaturation in the border region of the shell plane and
in the nollow edges ¢ the steps. ThlS shiows up as a sensi-
tive chanacteristic of’ supersaturation at the morphological
appearances of the step formation. Thils supe=nsaturation
gradient towards the border region of the macroscopic shell
planes, as represented schematically in Fig. 2, is larger
than in the profile of the steps .of convex and enclosed
edge (Fig. 2). Thus. from the standpoint of the supersatur-
ation gradient thé extent of the disorders is larger in the
diroriuer regions than in the disorder layers. The flatter
the surlface relief of the oteps is developed on the shell

planes the smaller is the supersaturation gradient and with

it the degree of disorder.

A few:examples will demonstrate the dependence on super-
saturation of tnege disorders. Low supersaturations with
macro steps on the shell planes (Fig. 3) lead to cracks in
the disorder regions and layers (Fig. 3b). Due to bigger
subindividuals the disorder region between the Q1)

growth regions shows more pronounced cracis than that bestween
Q110

o
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Fiz. 1. Scnematic repreuentation of the growth and
disorder regions as vell as growth and disorder layers
for a <o single crystal. a) disorder regions

between cnlliding 21 and AW gpoWin reglions.
< Depending on tne degree nof supersaturation between the
21 regions there #4111 also be a a9 grovth

region. b) Disorder layers as trace ol the hollou
edges of stepys on coarse planes. c¢) Disorder layers as
trace of the hollow edges on smooth planes.

The crack sShaped disorder layers in ihe gravth T L0NS
clearly can be associated with the traces or the holicw 2qgecs
oi" the stews. The interval of the steps on tne uriace
corre’ates with the distances of the cracks In the coysial
volume. Relabtlvely nigher supersaturations iead to .lcud
steps on the shell planes and to digorder layers in toc CCniu
resions which exnibit dlslocation sequencer in the t;nuz
arrvanzement of the subzrain boundaries as is shown by tn=
(v10) “polished cross sectlons of a LY  Buazeben Sifg.c
crystai.

Tne expanslon of the disorders to a three dimensionz.
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crack can be seen clearly in the {100} growth region in
Fig. 4., It -is caused by larger subindividuals with increas-
ing layer thickness. The possibility in principie of a
disorder free growth is pointed outv by the undisturbed
initial layer. The crystallographic location and the build-
up of the disorder layers which are well visible on tne

higher light optical micrographs of Fig. Ub are discussed

taking the (l10> tungsten single crystal shown in Fig. U as
an example.

2.1.2 <Crystallographic location and bulld-up of the dis-
order layers. " ' N

Since only plane orientations around (100) can be
etched metallographically an investigation of several crystal
sections was carried out through combination with thée x-ray
DCS method. The goal was to determine the crystallographic
position of the disorder layers caused by the surface profile
and: the degree of reciprocal angles of the growth layers
which for larger orientation differences can be seen in the
splitting of Laue reflexes-

The following resulis viere obtained:

a) The mirror symmetry plane or the bisecting line of
the angle of the planes of the growth steps on the shell
planes result as tne crystallographic location of the dis-
order layers between the growth layers. Thus, the following
disorder layers (Fig. 5) appear for single crystals with

{110) rod axls orientation in the growth regions of the
corresponding shell planes.

Shell planes {110}:

Growth region (T10):

Grovth steps: (110), (O11): disorder layer: (101);
Growth steps: (T10), (O1T); disorder layer: (101).
Growth region (TO: ,
Growth steps: (110), (1 h disorder layer: (10i):
Growth steps: (1H0), (0T1): disorder layer: (Tol).
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(b)

iz, & ochewatis reprecentation ol the supersators-
Sion gradient ahove the snell plares (a2) and above o
nasrs soeps (o).

grapn’e (101) sestlien (Mi. «r) these J.e-
Q run obliquely in 107 dlpccuiong, in thc
tiom horizontally in ine directica 100>,

rr

j ]

[ )

3

*3 O

TS wae ervstallozeaphnic axic s Lden- .calr with tae rog
ax’e Loer ore tach (O] snell plane 21 rovre Oy,
;rovien shey s will appeare which lead te a vokal of our
artrentlite iitey  disorder layerc.

shell nlanes Q21

%vcuch cTepss {110} with the zone axes [111]
11l
Disores iayere (110).
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Fig. 3. <l ‘M?mybdenum sinzle crystals with low
a

supersaturativg: YRR shell plane with  {10)
macro uteps. (b) Cnack snaped disprdér regions and
1ayers in the¢ crystal volume.

Ir. the metallographic (010) cut (Fig. da,c) che dis-
order layer lis perpendicular in the direction (001}

Shell planes {100}:

Growth steps: (011), (101), (011), (101);
Disorder layer: {110}  with zone axis [001];
Disorder layer: {100} ~ with zone axis [001].

In the metallographic (010) section (Fig. 4a) the disorder layers
are parallel to (001). Fige 6 shows the various loecations in the (001)
section.

The extent of the disorders in- the crystals depends on the height
difference in the surface relief. The degree of disorder continues to be
the result of the number of effective disorder layers. This number is
highest in e {l00] shell plane region so that this region is disturbed
the mosts 1In the disorder vegion {il0}-{211] cthe disorder layers of the
neighboring growth regions (Figs 3b) penetrate each other and lower super=
saturations lead to the formation of cracks.,

(b) In order to determine the kind and type of dislocation

-
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PO st 4 o ke s v m

mol  shell planes
0 growth steps
x disorder layer

211 shell planes
0o gzrowth steps
X disorder layer

arrangement of the disorder
ldyers in the region of the
mol - shell planes

Schemaitic representation of the locatioh of

Frig. 5¢
single crystals.

the disdérder layers in .o

in the disorder layers the orientation and extinction x-ray
contrast on (001), (112), (111) and :(110) sections were com-
pared. The experimental findings showed that the {110}
dizorder layers between growth layers are bullt up from
Qualitative-

dlglocatlions with a predominant share -of steps.
1y, the contrasta can be associated with dislocdtlons .of the

type o = 1/2 [T7] and b = 1/2 uty (Fig. 7).

=10 -
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Fig. ou (001) layer with {10}  ang {190} disorder
layers in the (001) growth region.

00!

Fig. 7: Location of the vossible step dislocations in
the disorder layer. (a) Represeriation in sterecpra-
phic projecvion, (b) in the (1) disorder layer of tae
2y growth reglons, (c) in the 0} disorder layers j
of tne o} growtn regions,

The- {100} disorder layers appearify in the {I00} grouth region
ought to be bullt up from step giglecations only.

(¢) Frow the distance of the rows of etch fijures the
width of the growth Xayers turns out to be about soum ‘This
cerresponds to the distances or the fine-stripes on the x-ra,
Jilwe (Riz. 3a) which, tneretore, can be associated Wity Ui

~-11 -




srowsh layers.

(d) From the distance of thé etch figures in the dis-

3 ; order layérs Ds5gqm_ | the reclprocal angles between the
. { growth. layers is 0<02 angle minutes with the simplified
: , aauumption of 0=b/D . In agreement with this it was found

that the orilentation dirferences .determined with x-rays are
of the order of magnlitude of 1 angle minute. It can be seen
t'rom the rocking curves of large crystal regions with about.

] ‘ 100 growth. layers that these reciprocal angles do not add up
4 : 1n the same sense of rotation to a correspondingly high

9 ; rientation width but obviou%ly occur with alternating direc-
; Lion of rotation. This can be explained with a cnange of the
, sign ( +,-) of the dislocations in the neighboring disorder

2 ‘ layers.

(e) The substrates for the manufacture of single cry—
stalz, made tarough recrystallization after critical defor-
: mation, have a subgrain structure which continues in the
gf . material growing on them in the form of "growth regions" of
E diff'erent orientation. These growth. regions (designated B)
are causing the coarse picture structuring in Fig. 8 with
reciprocal angles of several minutes. Based on the appearance
of' contrast at various.-oriented sections it 1s assumed that
3 ' the diuordered transition 1ayers betiween the growth regions
] _ consist mainly of screw dislocations with b = 1/2 [11I].

b
I

(') “The DCS picture of the (110) shell plane (Fig. 9)
shows a cell structuré within the growth layers. Tt results
irom the combined appearance of (011), (011 growth steps
and with, this, also growth Iayers of (101) and (10I). The
partial plCuUPGo (recorded with one minute differeénce each
in the angle of incidence make clear the reciprocal angles
between the cells which is due to an accumulation of predom-
inantely step dislocations.

2.2 Homogeneous single crystals.

A houmogeneous crystal volume 1s formed by growth over
nacroscopically smooth shell planes as- is shown 1n Fig. 10
vor a <100y molybdenum single crystal wilth four each {1{0}
and {100} shell planes. The following can be said about
tne true structure:

w1l
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fig. &: DCS picture of an inhomojeneous tungsten
cinsle crystal. (1I1) sectioil through {n}  arcuth
regions. The stripe-shaped partial pictures are ob-
tailned by stepwlse chanpge of the angle cf' incidenuec.

’ The rine-stripes can ke avtributed to the growth lavevs
or (110) disorder layers, respectively and Lhe coaruc
picture structuring to the growtn regions.

(a) Mo phase boundary can be notviced between the sub~
; strate ana the layer grown on it. The reglons only d&litcr
, by denslity of dislocations.

: (b) In the layer grown on the substraite subsraln
boundarlies may he present. The causes for this could he!

e {11 aceidental supersaturation inhomogeneitics iu
' the vrowtn conditlons;

.-13 -
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Fig. 9: DCS picture of the (110) shell plane of an
inhomogeneous tungsten single crystal. The cell
structure is formed by (101) and (I01) disorder layers
intersecting each other.

[2) impuritles on the surface of the substrate;

[3] subgrain boundaries present in the substrate
continue into the layer growing on it as can be shown
metallographically, and on BB pictures (Fig. 1la,b). Zone
molten rods used as substrates always exhibit such subgrain
bounidarieses while single crystalline filaments made through
recrystallization after critical deformation largely are
free of these disorders (Fig. llc).

(¢) Tne layer deposited from the gds phase shows low
disorder densities which have been caused by the following
nmethodic advantages:

(1] small temperature gradient, and; thus, avoid-
ance o thermal stresses:

[2] hnigh thermal purity of the halides as base
material this includes decreased solubility of the compd-
nents of the remaining gas atmosphere;

[2]) 1low void concentration with low deposition
temperatures.

The pictures of the sections were enlarged wivth an
optical ndcroscope, they have low recolution and show an

~14 -
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Fig. 10: 100> polybdenun single crystal with hlgh
supersaturation: (a) macroscopically smooth surrace,
(b) nomogeneous crystal volume.

irregular distribution of the dislocatlons. The Lang tech-
nigue, nowever, provides data on the density, iind and type
of the dislocations, Topographies of various ({110} reilexes
vere nade or a 100> fmolyvdenum single crystal rree of
subgrain boundaries. The pictures (Fig. 12) yield the
{'ollowing results: '

{a) in the growtn regilons of tne shell planes of {110}
and {100} the crystal shows contrasts from dislocation
sroups and single dislocacions. Contract appearances due
¢ anotnalous fransmigsion point can lead to a dislocainicn
density of ¥¢° cm/cad.

(o) Geomesry of the dislocatlion arrangement, the cou-
traszvs and the possible Burgers vectors point to sten
dislocations of tne type b = 1/2 ¢y -

(¢c) The contrasts in the {110} and {I00} srowsn re, & Wi
are positioied paraliel to ¢10) directions. These dluio-
catlons shown In the picture with b = 1/2 1) and o -

2ty anong the planes possiole with (2(1) 23 zone a.Lic
are probably located in {110} planes, analogous to tvhe2
Juportance of {100} as growth and dlsorder piancc ror te:
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fFig. 11: Invluence of the true structure of the suo-
strate on the layer growing om ‘it. (a) e} cross-
sactlon or a €110) molyodenum single crystal with
subgrain ocowriaries r'rowm the zone molten substrave.

(9 nroos orf sush subgralin boundaries with 3B plciures.
c <B plilcture or a single crysval 'ree of subgrain
voundaries with single crystalline supstirate made
carousint recrystaxlization,
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Plg. 127 Lang pictures oi dislocation structures in
' the (001) sectlon_oif a molybdenum single crystal: _(a
vopograpny with (110) reflex; (b) topography witn(1lo

reilex.

ierred direction of the contrasts towards Gl®  to 21

¢an ve iound. These dislocations are bullt up from pariiuai

pleces with step characver which also cught to be located in
(110} planes.

i
§ innomogeneous crystals. In the {10d} growth region a pre-
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3. Summarz

The. morphology of single crystals -grown irom the gas
;phase is a result of ‘the. combination of equilibrium {form
planes. _Low supersaturations lead ‘over ‘stepped, microscopi-
cally smoofh:.planes, and especlally coarsened planes, to an
inhomogeneous crystal volume: With higher supersaturations
growth takes place over macroscopically smooth planes :and
results. in homogenegus single crystals with a low dislocation
density (<10* cm ) free of disorder regions and layers.
Disorders ir the inhomogeneous crystals are arranged in layers
whose crystallographic location 1s detérmined bty morphology.
It was found that the disorder layer 1s always the plane of
mirror symmetry of the planes of neighborihg growth steps.
Therefore, the preferential position-:of the {li0) equilibrium
“orm plane and the {110} steps on smooth and coarsened shell
planes. resulting from it; lead predominantiy to {110} -dis-
order laycrs. The disorder layers. contain mainly disloca-
vions with step character of the type b. 1/2 (1) ‘which
cause alternating tilting in the order of magnitude of one
angle minute between neighboring growth layers. Larger
orientation differences in the single crystals are due to
disorders in the substrate which continue into the volume
growing on it.

YWe would like to thank Dr. P. Finke ifor the metallo-
graphic investigations, also Dr. C. Becker for providing and
discuszing the Lang-topographies, and .Dr. H. Wadewitz for
the investigations wilh the Berg-Barrett technique.
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