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Using the precision technique of triple-crystal X-ray diffractometry, the structure of
defect parts has been studied in large-size sapphire crystals grown by the horizontal
directed crystallization in reducing gas media. The optical polarization analysis has shown
that the conoscopic pattern shape and color spectrum are distorted in that region and
optical inhomogeneities are present as a striate structure. In the first case, the responsible
defects have been established to be the small-angle dislocation twisting boundaries of the
micro-blocks with disorientation angles of 0.2 to 5 angular minutes; in the second one, the
macro-blocks with turning angles up to several degrees. Experimental results have been
presented making it possible to establish the nature and formation kinetics of the small-
angle and large-angle disorientations between the micro- and macro-blocks during the
crystal growth and annealing.

ITpenn3uOHHBIM METOJLOM TPEXKPHUCTAJILHON PEHTreHOBCKOI Au()PaKTOMETPUN HMCCJIEI0BA-
Ha CTPYKTypa AedeKTHBIX YacTell KPYHIHOra0apUTHBIX KPHUCTAJJIOB camdupa, BLIPAIEHHBIX
FOPUBOHTAJIBLHO HAIIPABIEHHON KpHCTANIM3alell B BOCCTAHOBUTEIbHBIX radoBbIX cpemax. Ilo
pesyJabTaTaM IOJAPU3AIMOHHO-ONTHYECKOr0 aHaJM3a B dTUX O0JACTSIX HAOJMIOZAIOTCA HCKA-
sKeHusi (OPMBI M I[[BETOBOM raMMbI KOHOCKOIIMYECKOH KapTUHBI M OITHYECKUE HEOIHOPOIHOC-
TH B BH€ IIOJIOCUYATOM CTPYKTYPHI. YCTAHOBJEHO, UTO B I[IE€PBOM CJIy4Yae OTBETCTBEHHBIMU
nedeKTaMy SIBJISIOTCSA MAaJOYIrJIOBbIe IUCJIOKAIMOHHBIE TI'PDAHUILI KPYYEeHUS MHUKPOOJIOKOB C
yraamu pasopuenranuu ot 0,2 10 5 yrioBeIX MHUHYT, BO BTOPOM — MAaKPOOJOKH C yriamMu
Pas3BOPOTOB IO HECKOJbKMX rpamycoB. IIpemcraBieHbl 9KCIEPUMEHTAJbHLIE PE3YJIbTATHI, IIO-
3BOJISIOIIE YCTAHOBUTDb HPUUYMHY W U3YUYUTh IPUPOAY U KUHETUKY OOPA30BAHUA MAJIOYIJIO-
BBIX M I'PAAYCHBIX PAa3OPHUEHTAINH MEeXKIy MUKPO-, MAKPOOJIOKAMHU B IIPOI[ECCE POCTA-OTHKU-
ra KpucraJia.
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To use the sapphire of (0001) basis orien-
tation in the modern optics and optoelec-
tronics, the material should provide a high
and homogeneous structure perfection that
is defined, among other factors, by the ori-
entation, density, type and distribution
character of dislocations both in the crystal
volume and surface layer. Besides of the
improvements in crystal growth technology,
the non-destructive quality control of the
blanks is to be developed. An express
method for the crystal quality diagnostics is
the optical polarization method making it
possible to reveal the presence of macro-
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blocks, twins, small-angle boundaries
(SABs) and even micro-stresses around the
boundaries of mosaic blocks and individual
dislocations [1]. When using the method,
the main task is to identify reliably the
defects causing the observed inhomogeneity
in the polarization optical pattern. The pre-
cision triple-crystal X-ray diffractometry
(TXD) [2, 3] provides substantially widened
potentialities in the structure perfection
studies of sapphire crystals and makes it
possible to identify the structure distortion
character in the crystal defect parts re-
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Fig. 1. Optical polarization pictures of the defect parts in {0001} oriented sapphire: general view

(a), contortions (b), striate structure (c).

vealed by the preliminary qualitative optical
polarization analysis.

In this work, the TXD method has been
used to study the structure perfection of
large-size sapphire crystals
(300x230x30 mm3 size) grown by HDC tech-
nique in reducing gas media.

An experimental crystal with the surface
crystallographic orientation {0001} was
grown along the [1010] direction by the
horizontal directed crystallization (HDC)
technique using a standard growth unit and
a high purity raw material (the charac-
teristic impurity concentration being less
than 10 ppm). Using the express optical po-
larization analysis, defect parts in the crys-
tal were revealed and two cubic samples
(25%x25x25 mm3) were cut out with faces
oriented as {0001}, {1010}, and {1120}.
Being considered in the transmitted polar-
ized light of [0001] direction, the first sam-
ple exhibited the conoscopic pattern shape
and color spectrum distortions (from here
on, contortions) while the second one, opti-
cal inhomogeneities visible as a striated
structure (Fig. 1b, c¢). The samples studied
were oriented with the crystallographic
planes being aligned to within £0.5° and
treated (planar lapping by bound abrasive,
thin lapping by boron carbide powders, me-
chanical and chemical polishing). The
treated surface roughness R, was about
15 A, thus doing not influence the results
of X-ray diffraction measurements carried
out using an universal triple-crystal diffrac-
tometer in Cu Ko; radiation [2].

The structure perfection was charac-
terized by the following parameters: the
diffraction rocking curve shape (RCS), the
RC angular position (®), the full width at
half maximum (FWHM) (B), the integral re-
flection power (IX). The measurements were
carried out for triple planes, {0001}, {1010},
and {1120} all the geometric surfaces of the
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sample being used (Fig. la): {0001} (the
crystal head and bottom) with scanning
along the [1010] and [1120] directions (par-
allel and perpendicular to the growth direc-
tion, respectively); {1010}, the planes per-
pendicular to the growth direction (nearer
to and farther from the seed), with scan-
ning along the [0001] and [1120] directions
(from the crystal surface to bottom and
from the crystal center to the periphery,
respectively); {1120}, the planes parallel to
the side surface nearer to the crystal center
and periphery, with scanning along the
[0001] and [1110] directions (from the crys-
tal surface to bottom and parallel to the
growth direction, respectively). The sample
scanning (L-scanning) with respect to the
incident monochromatic X-ray beam pro-
vided the structure perfection charac-
teristics over the crystal cross-section with
parameters B(L), I(L), Ad/d(L) and evalu-
ation of the perfection degree of the crystal
volume. The B(L), IZ (L) values averaged
over 10 measurements are presented in
Table 1. The local parts of the samples
where contortions and striated structure
were observed in polarized light were exam-
ined in more detail. Determined were the
triple components of the turn angle, the
micro (macro) block size (cross-section) as
well as the structure perfection inside of
the macro-blocks.

When growing the experimental crystal,
the optimum spatial orientation ({0001} sur-
face, [1010] growth direction, {1120} side
surface), the seed shape and size and the
growth conditions were selected, thus avoid-
ing the inheritance of the seed structure
defects and dislocations. The X-ray exami-
nation of such crystals have shown that the
dislocations are located mainly at an angle
near 90° to the growth direction and the in-
heritance coefficient thereof tends to zero [6].

The dislocation generation in single crys-
tal grown from melt are due mainly to the
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Table 1. Structure perfection characteristics of the sapphire sample

No. | Reflec- | Sample | Scan- Beam E,s [§Xp.105’ I310°, | 1f10°, | IE/15 ngp/II; E,s ngp~105, 1§Xp/1§
tion, ® | surface ning |width at rad rad rad rad
direc- the
tion | sample, after annealing,
um taken from [5]
1 |(00012)| Head |[1010] 12.5| 1.94 3.415
45°20' [11201| 70 | 7.2 | 1.90 3.345
Bottom | [1010] 11.7] 1.84 | 0.568 | 4.076 | 7.18 | 3.239 | 6.2 | 0.95 | 1.67
[1120] 10.7 | 1.81 3.187
2 | (3030), | Close to | [0001] 22.9| 6.98 | 8.269
34.6°20"1 seed |[1130]| 89 |21.5| 6.85 | 1.90 3.345
Farther | [0001] 25.6| 6.85 | 2.135(33.151|15.53| 3.208 |12.8| 8.52 | 1.65
from seed /"1 150 22.0| 7.06 3.307
3 | (2240) | Closer to | [0001] 10.6 | 1.91 3.293
40°21.57| center | o501 77 |14.8| 1.64 2.828 | 8.2 | 0.99 | 1.71
Closer to | [0001] 11.0 | 2.18 | 0.58 |4.043 | 6.97 | 8.759
periphery 11470 15.2 | 1.94 3.345
plastic strains resulting from the thermoe- peaks, both the spacing of polygonal dislo-

lastic stresses behind the crystallization
front (CF) and subsequent evolution of dis-
location structures during the growth/an-
nealing in high temperature gradients. The
residual stress values and distribution de-
pend both on the thermoelastic field charac-
ter and on the plastic features of the crystal
being grown. In is to note that the distribu-
tion kind and character of dislocation struc-
tures appearing at the crystal growth/an-
nealing met the same regularities as those
in the case of crystal plastic strains [7]. The
X-ray examinations [6] confirm the presence
of edge, screw, helicoidal dislocation strue-
tures in the HDC-grown sapphire crystals.
Consideration of RCSs for various planes
in various crystallographic directions has
revealed the RC blurring (Table 1) due
mainly to the presence of ordered disloca-
tion structures which may form later (under
high-temperature annealing during the crys-
tal growth) characteristic polygonal bounda-
ries with small turn angles (1 to 5”) which
give rise a splitting in RC (2 to 10 peaks)
when the sample is turned near to the
Bragg’s reflection angle (the swinging
method). Fig. 2a shows a typical RC for the
{00012} reflection. The RC splitting at the
half-width B ~ 12" into 12 peaks is due
mainly to the presence of polygonal bounda-
ries with the disorientation angles A®=x2".
Knowing the Burgers vector value
(4.758-10% um), the dislocation spacing I =
b/A® can be estimated to be of about 50 um.
Knowing the beam cross-section at the sam-
ple under study and the number of the RC
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cation walls (about 10 pm in the samples
studied) and the dislocation density
(p ~ 10% cm™2) can be estimated.

The values of the same order were ob-
tained basing on the integral reflection co-

efficient IZ . In [8], the IE , was measured

as a function of the dislocation density deter-
mined by chemical etching (the p error being
about 15 %). The IZ

exp measurement at an
error of about 2 % or the p estimation basing

on the ngp/Ig ratio (where Iff is the reflec-

tance calculated in the dynamic approxima-
tion).
Consideration of RCS, IE

exp
estimation not only of ther dislocation den-
sity but also the distribution character
thereof in various crystallographic planes and
directions over the crystal cross-section. The
strongest RC blurring is observed when the
sample is scanned along [1010] directions for
the {00012}, {2240} reflections and [0001] for
the {3030} one (Table 1). The observed slight
increase in I®, . by about 5 % for the crys-
tal head and by about 4 % for the bottom,
indicates the same relative dislocation density
both in {0001} and {1020} planes. However, it
can be concluded from RCS that there is a
more pronounced ordering of the polygonal
dislocation boundaries in [1010] for {0001}
plane along the [1120] direction and for
{1010} in the [0001] one (Table 1). Thus, the
RCS(L), B(L) and IF(L) values for various
crystallographic planes {0001}, {1010}, and
{1120} averaged over 10 measurements in

and B provides
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Fig. 2. Rocking curve shape, {00012} reflection, CuK ; radiation: near a contortion (a); beginning

of contortion (b); middle of contortion (c).
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Fig. 8. Variation character of the disorientation angle A® between micro-blocks in the sample
scanned along [1010] direction within the contortion region: the crystal head (a) and bottom (b).

various directions [1010] and [1120] and
[0001] characterize clearly the crystal struec-
ture perfection without destroying.

When studying the crystal local regions
where contortions were observed in polar-
ized light, the defect sample part was
scanned with respect to the incident X-ray
beam of 8x0.05 mm? cross-section at
0.75 mm steps. A point near the observed
optical homogeneity was selected as the
starting one. In Fig. 2, presented are RCS
from the {00012} reflection for scanning
along the [1010] direction across the con-
torted region. As is seen in Fig. 2a, near
the contortion the RC of about 18" half-
width (B) is split into 12 peaks, that indi-
cates the presence of polygonal boundaries
with about 2" disorientation angles and
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about 6 um wall spacing. When the X-ray
beam hits partially the contorted region, a
RC asymmetry is observed (Fig. 2b), the
diminution down to about 14" and the split
number becomes smaller. At the further
displacement, a small-angle micro-block
boundary is observed with the turn angle
A®~30" at a distance of 3.756 mm from the
scan start (Fig. 2c), the A® increasing up to
40" at the further displacement (Fig. 3).
The second component of the inter-micro-
block turn attains the same value as the
sample is turned at 90° in its plane. There
is also the third turn component when th
RC is written for the {1010} plane making
90° angle with the {0001} one. Thus, the
contortion observed in polarized light is

Functional materials, 14, 3, 2007
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Table 2. Block structure characteristics of the sapphire sample (Fig. 1c)

No. Crystal head

Crystal bottom

Between the

C) ja@,|
bloks

Between the
bloks

I, mm |A®,| [, mm,

le 44°56'36"
48°35'42"
44°33'36"

2 le — 2
3

4 43°12'18"

5

6

2 —3
3 —4
4 — 5
5 —6
6 — Tc

3°39'6"
4°2'6"
1°21'19"
1°19'12"
3°58"48"
4°11'49"

44°31'30"”
40°32'42"
Tc 44°44'31"

1.0
1.5
0.5
2.0
1.0

le — 2
2—3
3— 14
4 — 5
5 —6
6 — Tc

1.0
1.5
0.5
2.0
1.0

3°37'55"
4°14'38"
1°24'22"
1°22'37"
3°53'10"
3°44'24"

caused by the small-angle twisting disloca-
tion boundary between the micro-blocks
with disorientation angles of 10" to several
tens of angular seconds. The small-angle
twisting boundaries are observed as a rule
within the whole crystal volume where the
dislocation density p>10% c¢m 2.

The twisting boundary is formed mainly
due to the plastic straining processes result-
ing from relaxation of thermoelastic
stresses at the CF and subsequent evolution
of partially ordered dislocation walls of po-
lygonal type during the crystal growth/an-
nealing process. It is to note that as a crys-
tal is grown by the HDC technique at the
pulling speed up to 8 mm/h, the grown
crystal is hold for about 10 h within the
high-temperature zone (>1800°C) and then
for more than 60 h under high temperature
gradients. In those conditions, the evolution
of dislocation accumulations proceeds in-
tensely and results at end in formation of a
small-angle twisting boundary of several
millimeters length. Along with the contortion
patterns (Fig. 1b), striation is observed in
some crystals under polarized light (Fig.
lc) that points to the macro-block forma-
tion. The sample scanning with respect to
the incident monochromatic beam makes it
possible to determine the Bragg’s reflec-
tion angle, the angular deflection and the
macro-block cross-section. The measure-
ments were done using the {00012} reflec-
tion when scanning the upper and lower
crystal surfaces along the [1120] and [1010]
directions and the {3030} reflection when
scanning the sample surfaces perpendicular
to the growth direction along the [0001]
and [1120] directions.

The measured angles (@) and disorienta-
tion angles (A®;) between the crystal surface
and the 18t 2né, ete. boundaries when scan-
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Fig. 4. Variation character of the disorienta-
tion angles between macro-blocks in the sam-
ple scanned along [1120] direction.

ning the upper and lower crystal surfaces
along the [1120] direction are presented in
Table 2. The turn angles between the macro-
blocks of about 1 mm? cross-section and sev-
eral cm length are seen to amount 1 to 4°.
The variation character of disorientation
angle between the macro-blocks in the crys-
tal section at L8 mm is shown in Fig. 4.
No substantial distinctions have been re-
vealed in the dimensions (cross-sections)
and the turn angles in the upper and lower
crystal parts along the [1120] direction. The
measurements of the second turn compo-
nents for the sample turned by 90° along
the [1010] show much smaller disorientation
angles between the macro-blocks (up to 5')
while the third turn component between the
mosaic blocks was measured to be about
A®,,.~18. Thus, the maximum turn be-
tween the macro-blocks is observed along
[1120] and is well seen in polarized light
(Fig. 1c¢). At the same time, the main crys-
tal part to left and to right of the macro-
block region shows an insignificant distinc-

tion (A@~12").
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The about 6 mm wide region containing
macro-blocks with large turn angles is
formed for quite other reasons than the
small-angle twisting boundaries. Perhaps
the main formation cause of such macro-
blocks consists in local distortions of tem-
perature field at the CF that may result in
formation of triple-dimensional nuclei (den-
drites) in the melt in front of CF and the
subsequent growth thereof together with
the main crystal bulk. Such local CF distor-
tions result in that a packet of macro-blocks
may be formed within the grown crystal
bulk; that packet has a certain width, in-
cludes a certain number of blocks and is
extended as a rule over the whole crystal
length. The structure perfection within
such macro-blocks is characterized by the
presence of small-angle twisting boundaries
between micro-blocks and an increased dis-
location density.

To prepare substrates satisfying the per-
formance requirements in optoelectronics
and microelectronies, sapphire should have
the dislocation density <104 ecm™2, contain
neither small-angle twisting boundaries be-
tween blocks nor block structure. The cur-

rent technology yields such material in
amounts of 60 to 70 % of the whole crystal
mass. The improvement of the defect-free
material yield seems to require a modern-
ization of the growth unit heat assemblies
and transition to more "soft” crystal an-
nealing conditions during its growing.
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HochigxeHHa MPUPOAU AedAKMX me(deKTiB
MOHOKPHCTAJXIB cangipy, 0 € BUANMHUMHU
Yy MOJAPU30OBAHOMY CBIiTJi

B.®.Txauenko, 0.41./Janvrko, B.M.Ily3ixo6, O.T.Byodnikoes,
0.0./Iykienxo, H.C.Cidenvnixoea, I''T.Adonkin

ITpennusiiHUM MeTOJOM TPHLOXKPUCTAJLHOI PEeHTreHiBCbKOI AuMpParkTOMeTpii TocaigkeHO
CTPYKTYPY ZedeKTHUX YacTUH BeJUKOrabapUTHUX KPUCTAIiB camndipa, BUPOIIeHUX I'OPU30OH-
TAJBLHO CIPAMOBAHOI KPUCTAJNi3alli€l0 Y BIZTHOBHUX ra30BUX CEPeNOBUIAX. 3a pesdybTaTaMu’
MOJAPUSBAIiHO-ONTUYUHOTO aHaJidy y LIUX O00JacTAX CIOCTepPiraloThecs IepeKpPYydYyBaHHSA
opMu # KoOJipHOI raMM KOHOCKOIMYHOI KapTMHU ¥ OITUYHI HeoAZHOpPiAHOCTI y BUTIAIL
CMYTacTol CTPYKTYpHU. ¥ CTAHOBJIEHO, II[O0 y MEePIIOMY BUIAAKY BinmoBizanbHUMHU JedeKTaMU
€ MaJIOKYTOBi AuciIoKaliiiHi rpanHulli KpyTiHHA MiKpoOJoKiB 8 KyTamMu posopienrarnii Bix 0,2
IO 5 KYTOBUX XBWJIWH, Y IAPYrOMy — MAaKpoOJOKM 3 KyTaMU PO3BOPOTIB [0 AeKiIbKOX
rpaxnyciB. IlpencraBieHo eKcnepuMeHTaJNbHI pe3yJbTaTH, IO JO3BOJNAIOTH YCTAHOBUTHU IIPU-
YUHY I BUBYUTHU IPUPOAY U KiHETHKY YTBOPEHHS MAaJIOKYTOBUX 1 I'PaJyCHUX po3opieHTaIliil
MiK MiKpo-, MaKpoOJIOKaMu y IpPOIleci poCcTy-Bifmasy KpucTtaJa.
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