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Triple-crystal X-ray diffractometry has been used to study the structure perfection in
bulk and surface layer of basal-oriented sapphire single crystals grown using horizontal
directional crystallization (HDC) in reducing atmosphere by the Czochralski technique and

machined and annealed in various manners.

MeTogaMu TPeXKPHUCTAIBLHON PEHTreHOBCKOI Au(pPAaKTOMETPUHN KCCIEJ0BAHO COBEPIIEHCT-
BO CTPYKTYPHI MOHOKPHCTAJIJIOB, IIPUIIOBEPXHOCTHOrO cjos camndupa 6a3rcHOM OpueHTaIluu,
BBIPAIIIEHHBIX METOJOM rOPH30HTAJIbHON Hampasaenuoi kpucrannusamuu (THK) B BoccTrano-
BUTEJBHOI cpeme m MeTogoM YOXPajbCKOro, IPOIIEAIINX PAa3JHNYHbIE BUILI MEXAHUYECKOI

00paboOTKM M OTIKHUTA.

High structure perfection sapphire single
crystals of basal crystallographic orienta-
tion {0001} are used widely as deposition
substrates to provide articles for optics, mi-
croelectronics and quantum engineering, in
particular, epitaxial gallium nitride films in
LED production. The substrate surface
should met rather hard requirements,
namely, the roughness R,<0.3 nm, optical
purity class P 0-10, shape accuracy on 2
inch diameter (wedge um, sag um) [1]. How-
ever, there are very scarce literature data
on the structure perfection in the near-sur-
face layer of finished crystal. The rocking
curve half-width B obtained using a double-
crystal X-ray diffractometer in copper emis-
sion for {0006} reflection after chemical fin-
ishing is reported to be 10 to 12 angular
seconds [2]. The same [} value is reported in
as measured using a diffractometer with
fourfold reflection from a Ge, {220} mono-
chromator.

Those parameter values are attainable in
sapphire single crystals grown using hori-
zontal directional crystallization (HDC) in
reducing atmosphere [3] Czochralski and
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Kyropoulos [4] techniques and finished
using polishing colloidal silicon dioxide sus-
pension made of Aerosil 8380 (the SiO, par-
ticle size 380 A). Such a chemical treatment
provides the removal of distorted surface
layer formed due to machining by diamond
abrasive materials. However, there are no
literature data concerning the distorted sur-
face layer thickness, defectness in that
layer as well as the structure perfection of
the surface layer after chemical finishing
and thermal annealing. The main charac-
teristics of the substrate surface are now
obtained by the roughness measurements
using an atomic force microscope [1].

We have used the triple-crystal X-ray
diffractometry (TXD) [6, 7] to study the
structure perfection of single crystals
grown using HDC, Czochralski and Kyro-
poulos techniques and the surface layers of
the crystals after mechanical treatment
(MT) using ASM 28/20 abrasive, chemical
finishing (CF) using Aerosil 380, and high-
temperature annealing.

The structure perfection degree of the
grown crystals and the treated surface layer
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Fig. 1. Diffraction reflection curve (TXD, Cu K, emission). {0006} (a) and {00012} (b) reflections
after chemical (curves 1) and mechanical (2) finishing.

was characterized by the diffraction rocking
curve shape (RCS), the full width of half
maximum (FWHM) (B), the curve width at
height corresponding to 10 % of I,,. (B,
and the integral reflaction power I®. Those
parameters were measured by TXD in Cu
Ko emission for different reflection orders
(0006), (00012) in the Bragg reflection ge-
ometry and {3030}, {1120}, {2240} in the
Bragg-Laue geometry at transmission
through the bulk of the sample under
study, the DRCS being recorded for the
Laue and anomalous transmitted (Bohrman)
reflection. The sample was scanned at
1.5 mm scan step with respect to the inci-
dent X-ray beam, thus making it possible to
judge the structure perfection of the erystal
bulk and surface. From large
(220x220x30 mm3) sapphire crystals grown
using HDC [3] and (2200 mm, -2 = 300 mm)
ones grown by Czochralski, 0.5 and 1 mm
thick dises of &50.8 mm and 77.2 mm
were cut out oriented in the crystal-
lographic plane {0001} to within 10’ and the
side cut oriented in {1010} to within 20'.
The cut disecs were machined and mechani-
cally finished using ASM 28/20 abrasive,
then finished chemically using colloidal sili-
con dioxide polishing suspension. The dis-
torted surface layer formed due to mechani-
cal finish was removed in step-by-step man-
ner. To monitor the removed layer and the
removal rate, the sample under treatment
was weighed to within 0.2 mg. This method
provides the removed layer thickness moni-
toring at an error of £24.8 nm and
+10.8 nm for ©50.8 mm and J77.2 mm
discs, respectively.
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The removal rate at the CF was somewhat
higher at the initial stage and then attained a
constant value of about 1.1073 mg/min per
1 cm? surface. It is to note that such a
removal rate is typical of the treated sur-
face oriented in {0001} plane to within 10’.
When the deviation attained several de-
grees, the removal rate of the distorted sur-
face layer increased by a factor of 3 to 5.

After mechanical finishing with ASM
28/20 abrasive, a diamond background is
remained at the sample surface, the disc
becomes curved as well as a distorted sur-
face layer is present resulting in broadened
the full width of half maximum B and in-
creased integral reflection power I® (Fig. 1,
Table 1). Using the method described in [7],
the distorted layer has been estimated to be
about 2 um thick textured polyerystalline
layer. The errors in the determined inten-
sity of the incident X-ray beam, intensity in
the Bragg reflection maximum, integral re-
flection power, diffraction reflection curve,
taking into account the dynamical scatter-
ing effects in perfect sapphire crystals, hin-
der the correct measurements of the dis-
torted layer thickness of >1 um using the
method [7]. The RCS, the rocking curve
half-width § width at 10 % of I, B, inte-
gral reflection power IF for different reflec-
tions and different measurement geometry
have been found to be more sensitive pa-
rameters that characterize the distorted sur-
face layer. In Fig. 1, presented are diffraction
rocking curves for (0006) and (00012) sap-
phire reflections measured by TXD in the (n,
n, —m) mode in CuK(xl emission for a sample
mechanically finished using ASM 28/20 and
then finished chemically in colloidal silica solu-
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tion with the removal of an about 2 pm
surface layer (curve 1).

It is seen from Fig. 1 that, in spite of
mechanical finishing, the samples show a
considerable change in DRCS, the intensity
in DRC maximum, B and B’ as well as in IE.
A similar dependence is observed also for
{0006} reflection (see Fig. 1la and Table 1),
though the monochromatic beam cross-sec-
tion at the sample is increased twice and the
Bragg angles of incidence for the second
crystal monochromator (0, = 45.8°) and the
sample (0 = 20.7°) are quite different. The

comparable B and RCS values for the (0006)
and (00012) reflections become attainable due
to the developed TXD design [5] and the se-
lected experimental geometry (n, n, —m). For
double-crystal diffractometers, and even
when four reflections from the monochro-
mator, the experimental rock half-widths
exceed twice our results, that is due to a
considerable contribution form the instru-
mental DRC blurring factor [2].

The studied samples mechanically fin-
ished with ASM 28/20 abrasive and exhibit-
ing the distorted surface layer, diamond
background, surface curvature, the rough-
ness R,, and P 0-40 optical treatment class
were then subjected to step-by-step chemical
finishing. After each chemical treatment
step, the TXD patterns of DRC for (0006)
and (00012) were recorded in 10 points, the
samples were scanned at 1.5 mm steps.
Then, the averaged parameters B, ' and I®
were plotted as functions of the removed
distorted layer thickness A¢ (Fig. 2a, b, c).
No changes in the dependences plotted are
seen after an about 1.2 pm thick layer is
removed. All the chemical removal steps
were carried out for the same sample with a
certain density of growth dislocations, the
sample being scanned along the growth di-
rection [1010]. It is to note that the RCS
parameters B(At), P'(At), and IF(At) charac-
terize the structure perfection not only of
the surface layer but also of the crystal
bulk. However, the behavior character of
B(At), B'(At), and IF(At) is remained at the
chemical treatment of sapphire -crystals
grown t different initial dislocation densities
(see Table 1), that is, after the mechanical
treatment with ASM 28/20 abrasive, it is suf-
ficient to remove the about 1.5 pm thick dis-
torted surface layer to attain the structure
perfection typical of the grown crystal bulk.

The absence of the distorted surface
layer after removal of At~ 1.5 pm by the
chemical finishing is confirmed directly by
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Fig. 2. B (a), B’ (b) and IF (c) changes at
layer-by-layer chemical removal of the dis-
torted surface layer (A¢ thick) for (0006) re-
flection.

the DRCS parameters B, f’ and I® measured
in the Laue and Bohrmann geometries for
{3030} and {1120} reflections and for (0006)
and (00012) ones in the reflection Bragg
geometry as well as by the data obtained at
a dislocation-free area of the crystal with the
distorted layer removed by chemical polishing
in KHSO4 melt at 725°C (see Table). It is to
note that it is just basal orientation sap-
phire of 1 and 0.5 mm thickness that is
used as the substrate; in those cases, ut
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values are 12.47 and 6.23, respectively (u is
the normal photoelectric absorption coeffi-
cient) in Cu g,; emission. That thickness
values are optimal to study the bulk struc-
ture perfection in the presence of X-ray dy-
namic scattering (the Bohrmann effect).
The anomalous transmission itself evidences
a high structure perfection of the crystals
studied having the dislocation density
p<10% em~2. The similarity of B values ob-
tained in the Bragg reflection geometry and
in the Laue and Bohrmann transmission ge-
ometries for chemicall finished samples evi-
dences the absence of distortions in the
crystal surface layer (Table 1). An addi-
tional annealing (at 1100°C in air for 10 h)
of samples finished with ASM 28/20 abra-
sive results in removal of the disc curvature
and the dislocation density reduction in the
surface layer that is evidences by reduction
of B(At), B'(At), and IF(At). The annealing of
those samples at about 2000°C in a reducing
atmosphere for 10 h results in thermal
etching of the crystal surface and formation
of ordered dislocation structures causing
the small-angle rotations and the DRC blur-
ring. No anomalous X-ray transmission has
been observed for the samples finished me-
chanically and then annealed at 1100°C and
2000°C.

Thus, the crystals grown using HDC [3]
and Chochralski technique, finished me-
chanically and then treated with Aerosil-

380 resulting in removal of about 1.2 to
1.5 pm surface layer show the same struc-
ture perfection in the surface layer as in
the bulk. An additional annealing of the
optimally chemically treated samples in air
at 1100°C for 2 h does not result in the
surface structure deterioration of substrate
made of basal orientation sapphire. The
TXD methods are very effective in determi-
nation of the surface layer and bulk struc-
ture perfection of sapphire crystals.
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JLOCKOHAJICTHh CTPYKTYPH 00’€EMY Ta NMPUIOBEPXHEBUX
mapiB MOHOKpHUcTaJiB candipy

B.®.Txauwenxo, B.M.Ily3ixoe, A.A./[anvko,
A.T.Byonikos, 0.A.Jlyxienko

MeTogamMu TPUKpPHCTAJIBHOI PEHTreHiBCbKOl mgudpaxromMerpil TOCHimKEeHO JOCKOHAJIICTH
CTPYKTYpH 00’€My Ta IIPUIIOBEPXHEBOI'O IIapy MOHOKPHCTANIB camndipy OasucHOl opieHTaIii,
BUPOII[EHNX METOAOM ropusoHTanbHO-HampasaeHoi kpucranisamnii (CHK) y BimHosiroBasbHO-
My cepegoBHIIi Ta MeTomoM YoxpabChbKOro, MiAJaHHUX PISHUM BHIAM MeXaHIuYHOI 00pOOKU

Ta Bigmamny.
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