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The method of three-crystal X-ray diffractometry was used to investigate the structure
perfection of sapphire crystals with the crystallographic orientations on the crystal surface
(0001) and (1012) grown by the method of horizontal oriented crystallization in protective
gaseous atmosphere. The structure perfection was estimated for four crystallographic
orientations of the surface of the samples cut out of different parts of the crystal. The
dislocation density p determined from the dependence of the integral reflection power R,
on the dislocation density for different crystallographic planes was found to differ in the
range p = 3-103-1-10% cm™2. For the plane (1012) parallel to the crystal surface the change
of dislocation density was more essential (p = 4-103-1.10° ¢cm™2) in comparison with the
one for the plane perpendicular to the crystal surface. At densities exceeding 10* cm™2 the
dislocations were mainly located in low-angle dislocation boundaries.

MeTomoM TPEeXKPUCTAIBHON PEHTIeHOBCKON AM(PPAKTOMETPUHN HCCJIELOBAHO COBEPIIEHCTBO
CTPYKTYPHI KPHUCTAJNJIOB candupa ¢ KpucTajiorpaduyeckoil opreHTamnuel Ha IOBEPXHOCTH
kpucrajaa — (0001) m (1012), BHIpalleHHLIX METOJOM HANIPABJIEHHON TOPUBOHTANLHOI
KPUCTAIJIN3allUM B Sal[UTHOM rasoBoil cpeme. OleHKA COBEPIIEHCTBA CTPYKTYPHI IIPOBOIU-
JIach IJIA YeThIPeX KPUCTAIIOrpaUyecKUX OPUEHTAIUI [MOBEPXHOCTH 00pasiia, BHIPe3aHHBIX
U3 PasJIUYHBLIX YYACTKOB KpHUcCTajia. IIJIOTHOCTH AUCIOKALUI p, OolpejeiseMas IO 3aBUCHU-
MOCTH HHTErpPaJbHONM MOIIHOCTU OTPAKEHUS Rexp OT IIJIOTHOCTU AUCJIOKANUIl, AJA Pa3JIUd-
HBIX KPHCTALIOrpapUYIeCKUX ILIOCKOCTeH uBMeHsagach B mpegenax p = 3-103-1-10% cm™2.
Bouee cymecrsenHoe nsmenerne p = 4-103-1.10% cm 2 yeramosmerno mas cxoxa (1012), ma-
PaJIJIeILHOTO TOBEPXHOCTH KPUCTAJLIA, II0 CPABHEHUIO CO CKOJIOM, IEPIEeHIUKYJISPHBIM eil.
Ilpy mIOTHOCTM [UCIOKAuit B Kpucramite Boimre 10% cm™2 guciokanuu B OCHOBHOM PACIO-
JIaraoTCs B MAaJIOYIJIOBBIX IUCJIOKAI[MOHHBIX TPDAHUIAX.

© 2011 — STC "Institute for Single Crystals”

1. Introduction

Due to their unique physical, mechanical
and chemical properties, sapphire single
crystals and articles made from them have
found wide use in different fields of sci-
ence and technology [1]. Demand for sap-
phire, especially for large-size crystals of
high optical quality and structure perfec-
tion, rises from year to year. One of prom-
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ising methods for the growth of such crys-
tals is horizontal oriented crystallization
(HOC) in reducing gaseous media developed
at the Institute for Single Crystals, NAS of
Ukraine (Kharkiv) [2].

As a rule, previous studies of the struec-
ture perfection of sapphire crystals were
performed for certain crystallographic ori-
entations and planes of the samples ob-
tained by different growth methods [1, 3].
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The goal of the present work was to obtain
more detailed data on the defect structure
in the bulk of the crystal of a preset growth
orientation. For this purpose, the structure
perfection of the crystal planes with differ-
ent crystallographic orientation of the sur-
face, was investigated.

2. Experimental

The HOC method was used to grow
220%x230x30 mm3 crystal samples with the
crystallographic orientations of the surface
(0001) and (1012) — type 1 and type 2
crystals, respectively. From type 1 crystals
there were cut out 15x15x1 mm3 samples
with the orientation of the investigated sur-
face (0001), (1010), (1120), (1012) and the
deviation of the cutting tool from the preset
crystallographic plane up to 10 angular
minutes. They were mechanically polished
by a loose abrasive ASM 28/20 and then
subjected to chemico-mechanical polishing
(CMP) in aqueous suspension of silicon di-
oxide (aerosil 380). The thickness of the
damaged surface-adjacent layer of the sam-
ple removed at CMP made up to 3 um. The
optical purity and surface roughness of the
samples were studied using an optical mi-
croscope MP-4 and atomic-force microscope
of Solver P47TH RRO type (Russia). The sur-
face of the samples subjected to CMP did
not contain distorted surface-adjacent layer,
its roughness was 0.2-0.3 nm [5]. Other
samples were obtained from type 2 crystals
as a result of cracking along the plane (1012)
due to high residual thermoelastic stresses
perpendicular and parallel to the surface of
the grown crystal. The spall surface of such
samples did not contain distorted surface-
adjacent layer formed as a result of crystal
surface treatment. The spall area was ap-
proximately 80 em2. The side faces of the
investigated samples were oriented to an ac-
curacy of 0.5° with respect to the given
crystallographic plane. For the sample with
the orientation (0001) obtained from type 1
crystals the side faces of the sample were
(1010), (1120) for the sample with (1010)
orientation the side faces were (0001),
(1120) for the crystal with the surface ori-
entation (1120) the side faces had the orien-
tations (0001), (1010) for the samples with
the surface orientation (1012) the side faces
had the orientations (1014) and (1120). For
type 2 crystals the surface orientation was
(1012) and the side faces had the orienta-
tions (1014), (1120).

In general, X-ray diffractometric study
was realized in the Bragg geometry, but in
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some cases there was used the Bragg-Laue
geometry. The measurements were carried
out on a three-crystal X-ray diffractometer
(TXD) in Cu Koy radiation [4]. In the capac-
ity of the first two monochromators we ap-
plied high-perfection germanium ecrystals
with the dislocation density p<102 cm 2, the
reflection (333), the Bragg angle 6 equal to
45°, the scheme (n, n). For the reflection
angles 6 ~ 45° monochromatic X-ray beam
incident on the investigated crystal accord-
ing to the scheme (n, n, —m) is almost com-
pletely polarized (the share of the parallel
polarization component is less than 0.5 %).
The reflection from the two monochroma-
tors in the position (n, n) creates monochro-
matic beam Cu Koy with an angular diver-
gence of 0.1—0.05/}, the spectral resolution
being 1074-107° A. Under the conditions of
this approximation, the rocking curves (RC)
for the investigated crystal do not require
correction for instrumental broadening
within the whole region of the reflection
angles. Therefore, the experimental DRC
can be compared with the ones calculated in
the dynamic and kinematic approximation
of X-ray scattering [6]. The parameters of
the deviation of the experimental RC from
the calculated values are bound up with dis-
turbances of the structure of the investi-
gated crystal. It should be noted that the
TXD [4] has a sufficiently high light power
Iy~ 2-.10% pulse/s for ~50 pu wide incident
monochromatic beam and 8 mm vertical slit
located after the monochromators. Thereat,
the fluctuation of the intensity I, does not
exceed 0.5 %, the error of determination of
the integrated intensity E;,, ,,

the full width at flalf maximum
(FWHM) B of RC can be reduced to +1 %.
To eliminate the errors connected with the
turn of the sample at a low angular velocity
o, the RC record was realized from smaller
to larger 6 angles and vice versa. The meas-
urement results were averaged. The go-
niometric head made it possible to change
the position of the sample in the equatorial
plane of the goniometer with respect to the
incident beam. By moving the examined
sample with respect to the incident X-ray
beam at the scanning step L = 0.1875-
15 mm one can obtain the RC charac-
teristics, B(L) and R(L) (integral reflection
power) R = E-.0/I,), where o is the angular
velocity of the sample turn, which charac-
terize the degree of structure perfection of
the studied sample adequately and reliably.
The widely used methods of chemical polish-
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ing and etching the crystal surface for es-
tablishing the dislocation density have the
determination error p = 20-30 % [1].

3. Results and discussion

For reliable characterization of the de-
gree of structure perfection for crystals
grown by any method at a preset growth
orientation, it is necessary to determine de-
fect structure parameters for different crys-
tallographic planes. For obtaining the true
characteristic of the surface structure per-
fection, the distorted surface-adjacent layer
formed in the process of sample preparation
must be absent. As seen from Fig. 1, the
presence of ~2 um thick defect layer formed
in the process of mechanical treatment
using a free abrasive of ASM 28/20 type
(curve 2) results in the broadening of the
RC, the change of the intensity at the re-
flection maximum I,,,,, the rise of the inte-
grated reflection intensity E, ,;, in com-
parison with that of the spall plane or of
the sample after CMP (curve 1). As shown
in [5], CMP allows to remove the distorted
surface-adjacent layer of the investigated
sample, thereat the surface roughness R, <
0.8 nm. Survey of the studied samples in
the Laue geometry leads to further minimiza-
tion of the contribution of the surface-adja-
cent layer and makes it possible to increase
the quantity of the registered reflections for
the samples with a thickness less than 1 mm.
Thus, one can obtain more complete data on
the structure perfection in the crystal bulk.

The dynamical and kinematic approxima-
tion of X-ray scattering for perfect and mo-
saic single crystals in the Bragg geometry
taking into account the absorption was used
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Fig. 1. Diffraction reflection curves (TXD,
Cu Ko, radiation) for R (1012) sapphire with
crystallographic orientation after chemical-
mechanical polishing (1) and mechanical pol-
ishing ASM 28/20 (2).

to calculate the integral reflection powers
and their ratios for the reflections (0006),
(00012), (3030), (1020), (2240), (3360),
(1012), (2024), (3036), (4048) (Table). For
these reflections there were calculated the
Bragg angles 6 and the irradiated area of
the investigated sample for the case of
2 mm wide vertical slit and 50 um wide
monochromatic beam.

As seen from the Table, for the above-
mentioned reflections 1.07 < R,/R; <
10.68. The dependence Rexp(logp) was built
using the reflections from the -crystal-
lographic axes characterized by the maximal

Table. Characteristics of perfect structure of sapphire

Reflec-| ¢ S, |Calculated value R-108 Chemical- Mechanical Cleavage Cleavage parallel
tion grz;d mm? mechanical polishing ASM | perpendicular to | to the crystal
polishing 28/20 the crystal surface surface
R4 Rr  |Ra/Rp|Rr/Rd| Rexp |Rexp/Rr|B, sec| Rexp |Rexp/Rr|B, sec| Rexp |Rexp/Rk|P, sec | Rexp |Rexp/RrB, sec
(0006) (20.84|1.120| 2.78 | 29.68 |0.094[10.676| 4.82 | 0.1624 | 6.7 | 5.40 | 0.1819 | 14.1 - - - - - -
(00012)(45.33|0.560| 8.11 | 55.84 |{0.145|6.885(13.11|0.2348 | 6.5 |22.54|0.4037| 12.6 - - - - - -
(3030) [34.10(0.712|25.46|212.20({0.120|8.335(30.66| 0.1445 | 7.6 |77.62|0.3658 | 25.4 - - - - - -
(1120) (18.89(|1.232|14.72|83.20 |0.177(5.652|29.59| 0.3556 | 7.6 |37.82|0.4546 | 13.9 - - - - - -
(2270) |40.36|0.616|15.65| 26.97 |0.580(1.723|12.31| 0.4564 | 6.6 [19.29|0.7152 | 23.4 - - - - - -
(3360) [76.25|0.408|14.79| 76.10 |0.194 |5.145|35.11| 0.4614 | 18.8 [69.40| 0.9120 |46.80| - - - - - -
(1012) (12.79|1.808(|15.20| 72.85 |0.209|4.793 |24.84| 0.3410 | 8.4 [49.70|0.6822| 36.0 {34.12|0.4684 | 15.5 |21.82(0.2995 |12.0
(2024) (26.28|0.904|18.83|133.70{0.141|7.100(29.10| 0.2177 | 8.2 [70.02|0.5237 | 35.8 [43.14|0.3227| 16.1 |27.43|0.2052 | 11.6
(3036) (41.62(0.600| 2.35 | 2.52 |0.932(1.072| 2.43 | 0.9643 | 6.7 | 3.01 |1.1984| 11.8 | 2.59 |1.0277| 8.9 |2.39|0.9444| 9.0
(4048) (62.32|0.448| 9.71 | 35.05 (0.277|3.610(10.87| 0.3101 | 10.2 (16.58 | 0.4730 | 15.5 (12.80|0.3652| 10.8 | 9.84 | 0.2807| 9.8
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R,/R; ratio. The study was performed on
the samples with different dislocation den-
sity p employed in [7], as well as on new
ones which underwent CMP or chemical pol-
ishing at selective etching for the determi-
nation of p according to the method [1]. The
dependences R, (logp) for the reflections
(00012), (3030), (1120), (2024) are pre-
sented in Fig. 2. The comparison shows that
the values of dislocation density obtained
from X-ray topographic measurements are
in satisfactory agreement with the wvalues
determined by the method of chemical etch-
ing for the same samples of sapphire crys-
tals [8]. As seen from Fig. 2, with the
growth of dislocation density in the crystal
the experimental value of the integral re-
flection power essentially rises. At low dis-
location densities in the crystal the sensitiv-
ity of Rexp(logp) dependence is relatively
low, and only at p > 103 cm™2 there is ob-
served a considerable rise of this curve. The
sensitivity of this method also depends on
the crystallographic orientation of the stud-
ied sample, due to different values of the
structure amplitude F(hkl) [6]. Since the
error of the experimental determination of
the RC parameters R,,,, p is £1 %, these
characteristics define the structure perfec-
tion of the grown crystal reliably enough.
In the sapphire crystals grown by the
method of HOC, there is established dy-
namic X-ray beam scattering (the Bormann
effect) [9]. This testifies that the structure
perfection of the crystals is high, and per-
mits to raise the sensitivity of X-ray dif-
fraction analysis methods to low dislocation
densities and other crystal lattice distor-
tions [9]. The examined crystal (type 1) has
the optimal spatial orientation (the exterior
surface (0001), the growth direction [1010],
the side surface orientation (1120) which
allows to avoid the study of the structure
defects of the seed. Thereat, new disloca-
tions formed in the process of relaxation of
thermoelastic stresses behind the crystal-
lization front make an angle close to 90°
with the direction [1010], and their inheri-
tance coefficient tends to zero [8, 10]. One
must also take into account the fact that
the dislocation structure of the crystal un-
dergoes an essential evolution in the process
of growth-annealing in gradient high-tem-
perature fields of the growth unit during a
long period of time (~100 hours). The val-
ues of R, for different crystallographic
planes (see Table) show that the dislocation
density (determined from Fig. 2) is
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Fig. 2. Variation character of the integral re-
flection power Rexp on the dislocation density

p for different reflections (kkil).

4.10% cm™2 for the reflex (00012),
8103 ecm™2 for (38030), 8103 cm™2 for
(1120), 1104 em2 for (2024). Different
crystallographic planes of type 1 crystals
are characterized by chaotic dislocation den-
sity which wvaries within the range
p~4103-1.104 cm2. Tt should be noted
that the character of the distribution of dis-
location structures in the bulk of the grown
crystal has the regularities similar to those
observed in the case of high-temperature
plastic deformation of crystalline samples
[11, 12]. As shown in [13], the most prob-
able for sapphire is the basal slip along the
second-order symmetry axis (0001) in the
crystallographic direction 1/3 [1120] and
(0001) in the direction [1100] with the Bur-
gers vector b= 4.758 A and b= 8.220 A.
The analysis of the RC measured for differ-
ent (hkil) reflections in different crystal-
lographic directions shows not only broad-
ening, but also splitting of the DRC caused
by the presence of ordered dislocation struc-
tures, polygonal boundaries with low turn
angles AO = 1-5 s. The distance [ between
the dislocations in the boundary is easily
estimated from the known value b and A6
taking into account that I = b/A0. After cal-
culating the irradiated surface of the sam-
ple (see Table) and the quantity of RC peaks
one can estimate the distance between the
polygonal dislocation boundaries and deter-
mine p in the boundaries. At dislocation
densities >10% cm™2 the dislocations are
mainly located in the low-angle boundaries.
The presence of low-angle dislocation
boundaries with A6 = 1-5 sec and chaotic
dislocation density p<10% cm 2 have no es-
sential influence on the optical transmis-
sion, radiation strength and homogeneity of
sapphire products [1, 2]. At the same time,
the presence of low-angle boundaries with
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Fig. 8. Variation character of rocking curve
FWHM f for reflection (00012) (1) and reflection
(2024) (1/) and the integral reflection power R,
for reflection (00012) (2), reflection (2024) (2/)
for L-scanning study the sample.

AB > 10 s disorientation leads to distortions
of forms and color gamut of the conoscopic
pattern [5]. As a rule, such low-angle twist
boundaries are observed in the crystal bulk
where p>1-105 cm 2, and have a length of
4—6 mm. The performed study of the struc-
ture perfection of the type 2 crystal shows
an essential rise of the dislocation density
p=110% cm 2 for the crystallographic
plane (1012) cleaved perpendicularly to the
crystal surface. For the cleaved facet paral-
lel to the crystal surface the dislocation
density is much lower: p = 4-103 cm™2, that
leads to changes in R,,, and B (see Table).

To estimate the uniformity of the distri-
bution of structure defects over the cross-
section of the crystal, there were measured
Rexp(L) values (Fig. 3, curve I for the reflex
(00012) and 1/ for (2024) and B(L) (Fig. 3,
curve 2 for the reflex (00012) and 2/ for
(2024) at L-scanning of the investigated
sample with respect to incident X-ray beam
in the direction [1010] with the step L =
1.5 mm. As seen from Fig. 3 (curves 1, 2),
for the samples with a low dislocation den-
sity p~103 cm 2 and the orientation of the
reflecting plane (00012), (L) and R(L) do
not show essential changes at scanning in
the direction [1010]. At the same time, for
the sample in which the dislocation density
p 10% cm™2, there are observed changes in
B(L) and R(L) by 12 % and 20 %, respec-
tively. The structure perfection worsens in
the process of crystal growth (curves 1/ and
2/) even for the investigated 15 mm long
crystal section.
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4.Conclusions

Thus, the experimental characteristics —
RC, B, R — measured on TXD characterize
the degree of crystal structure perfection
accurately and correctly enough. More de-
tailed description of the structure perfec-
tion can be obtained using the data on
RC(L), B(L) and R, (L) for different crys-
tallographic planes. It is shown that the dis-
location density for the crystal grown in the
direction [1010] with the orientation of the
surface (0001) for different (hkil) may dif-
fer by an order. The location of the crystal-
lographic plane (1012) in the investigated
samples with respect to the crystal growth
surface (parallel or perpendicular) is of a
great importance, since the dislocation den-
sity of such samples essentially differs (p =
4.103-1-10°% em2).
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JLlOCKOHANICTh CTPYKTYPH MOHOKPHCTAJIB camndipy,
Bupomenux mertogoM I'HK y BimTHOBIIOBAJXBHUX yMOBaX

B.®.Txauenko, 0.0.JIykienrko, O.T.Byonikos,
0.0.Boék, C.I.Kpueonozoé

MeTomoM TPUKPHUCTAJBHOI PEHTreHiBCbKOI mudparTomerpii, MOCIIIKEHO JOCKOHAJIICTH
CTPYKTYPH KpucTaaiB candipy, sKi BUpOIIyBaIuCsa B 3aXNCHUX ra3d0OBUX CEPEIOBHUIIAX METO-
JOM HaIIpaBJieHOI TIOPMB3OHTAJBHOI KpucTasisamil 3 Kpucranorpadiunoio opieHTamieio mo-
Bepxui — (0001) i (1012). Ominka MOCKOHAJOCTI CTPYKTYPH IIPOBOAUIACH [JS UOTHPHOX
Kpucragorpadiunmux opieHramiii mopepxHi 3paskis, siKi Bupisani 3 pisHux obsacTeil BUpOIIe-
"Horo Kpucrasa. lIlinpHicTs AucIOKaIill, ska Oyia BuBHAUEHA i3 rpadika 3ajesXHOCTi iHTe-
rpajbHOl HOTYKHOCTI BimburTTs Bix ImiinpHOCTI auciokamiii, sMiHIOBasacs B iHTepBaugi p =
3.103-1-10% cm 2. Ille 6inpm cyrreBi smini p = 4-103-1-10° cm 2 BCcTAaHOBIEHO AT A3ED-
KasjbHOro Bimkony (1012) mapajsiebHO NOBEPXHI BUPOIIEHOTO KPUCTajJa MOPiBHAHO 3i CKO-
JIOM, TepIeHAUKYJAApHUM IoBepxHi. IIpu miispHOCTI AMCHOKalifi B BUPOIIEHOMY KpUCTAIi
p>10% cm2
MeXKax.

ancnomanii IIepeBaXHO PO3TAIIOBYIOTBCA B MAJIOKYTOBHUX HI/ICJIORaLIinIHI/IX
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