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The structure perfection of surface layers has been studied by high resolution triple-
crystal X-ray diffractometry (TXRD) in sapphire substrates with <1012> crystallographic
orientation mechanically polished with ASM 28/20 diamond paste as well as during the
layer-by-layer eliminaion of distorted surface layer by chemical-mechanical polishing
(CMP) in suspension of X-ray amorphous silicon dioxide followed by annealing of this
sample for 4 h at 1250°C. As the structure-sensitive parameters being measured by TXRD,
the following were selected: the diffraction reflection curve shape (DRCS), the rocking
curve half-width, B, the width at 10 % of RCS maximum intensity, p’, the integral
reflection power, Rp. The B(h), PB'(h), Rexp(h) dependences have been obtained at the
layer-by-layer eliminaionof the A thick distorted layer by CMP. It has been shown that at
CMP removal of h ~ 2.5 pm distorted layer the surface roughness R; ~ 0.2 nm, however,
the layers with increased dislocation density are found.

MeTomom TpexKpucTaabHOI perrreHoBckoil gudparromerpuu (TPIl) BeICOKOr0o paspeiie-
HUS WCCJIELOBAHO COBEPIIEHCTBO CTPYKTYPhI IPUIIOBEPXHOCTHBIX CJIOEB IIOJIOMKeK u3 camdu-
pa ¢ KpucrajorpauecKoil opueHTanneil mocjie MeXaHN4YeCcKOU IMOJMPOBKHU aJIMA3HOM IIac-
Toii ACM 28/20, a TakiKe IpPH MOSTAIHOM CHSTHN HCKAaKEHHOIO IIPHUIIOBEPXHOCTHOI'O CJIOS
XUMHUKO-MeXaHnuecKoil mosupoBkoit (XMII) B cycmensun peHTreHoaMOPMHOIr0 KpemMHeseMa
SiO, u mocnexyromem orxure aroro obpasna mpu remmneparype 1250°C B Teuenue 4 uacos.
CTpYKTYPHO-UYYBCTBUTEJbHBIMU IapaMeTpaMu, usmMmepsembiMu merozamu TPII, Oviiu: dopma
KPUBOHN Iu(MPAKIMOHHOIO0 OTPaKeHMs, MOJyIlIupuHa KpusBoil kauanuda KO B, mmpuaa Ha
Beicote 10 % or unrencusrocTu B Makcumyme KJIO — [, mATErpaspHas MOIIHOCTL OTpaxkeHus Rp.
ITonyuena saBucumocTs nmapametrpos [(k), B'(h), Rexp(h) npu nocinoitHoMm cHATM XMII mcka-
JKeHHOTO cjiosl Toaiquuoil h. Ilokasano, urto mpu cHATHHM XMII HcKaKeHHOTO IPUIOBEPX-
HOCTHOTO CJIOfl TOJINUHONW h ~ 2,5 MKM IIepoxoBaTocTb moBepxHocTu R, ~ 0,2 HM, ogHaKo
YCTaHOBJIEHO HAJUYMNE CJ0EB C ITOBBIIIIEHHON IIJIOTHOCTHIO AUCJIOKAIIUL.

© 2011 — STC "Institute for Single Crystals”

1. Introduction

The sapphire single crystals find a wide
application as substrates for preparation of
epitaxial films used widely in microelectron-
ics and opties, in production of integrated
circuits based on “silicon-on-sapphire”
structures (SOS structures) and for deposi-
tion of gallium nitride and indium nitride
films in light diode production. In prepara-
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tion of SOS structures the sapphire sub-
strates with <1012> surface crystal-
lographic orientation while in light diode
production, those with <0001> one. The
rather high characteristics are demanded to
structure perfection of sapphire crystals:
the absence of "mosaicity”, low dislocation
density, the absence of foreign inclusions,
low residual thermoelastic stresses, the
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Fig. 1. Diffraction reflection curves (TXRD, Cu K,; emission for <1012> sapphire with crystallographical
orientation after chemicomechanical (1) and mechanical (2) polishing.

specified crystallographical orientation and
"basic” cut not exceeding 10 angular min-
utes at the ingot diameter of 200 mm. The
technology of sapphire crystal growth by
horizontal directional crystallization (HDC)
in protecting gaseous media mets all those
requirements [1].

Additional specifications to substrate
surfaces include absence of defect surface
layer; the dislocation density cannot exceed
that in bulk crystal; the working surface
roughness level should be R,<0.3 nm;
planeness L<5 um; the working surface
should be mirror-polished with optical pu-
rity 20/10 according to USA MIL-0-13830.

As the finish processing of sapphire sur-
face, the chemical-mechanical polishing in
aqueous solution of X-ray-amorphous silicon
dioxide suspension [2, 3] is used widely that
provides the substrates according to appro-
priate specifications. To elaborate the pol-
ishing technology of the crystal surfaces,
the development of nondestructive control
methods for substrate surface quality and
studies of the surface layer structure per-
fection. Such methods may include the
TXRD [4, 5]. Our investigations in struc-
ture perfection of substrates with basal orienta-
tion <0001> using TXRD methods have shown
their high informativity and reliability [5].

This work is aimed at the study of possi-
bility to use the TXRD to study the struec-
ture of crystals at <1012> crystallographic
orientation and of substrate made from
those used in SOS structure preparation.
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2. Experimental

The sapphire samples studied of 70 mm
in diameter and 4.5 mm in thickness were
cut out of 220x220x80 mm3 size crystal
with <1012> orientation grown using the
HDC technology. The <1012> surface of the
sample was oriented along [1120] and [1014]
to within 10 angular minutes. Then the me-
chanical polishing (MP) using ASM 28/20
diamond paste followed by the layer-by-
layer chemical-mechanical polishing (CMP)
in suspension of X-ray amorphous silicon
dioxide (aerosil A-380). To quantitative de-
termination of the surface layer thickness,
h, removed by CMP the sample mass loss
was measured using an Axis ANG 200 C
analytical balance, the calculation was per-
4Am
nd2p
Am is the mass loss; p, sapphire density
3.98 g/cm?; d, the sample diameter. To in-
crease the mass loss determination, at the
weighing, every time not the absolute sam-
ple mass prior to and polishing was deter-
mined, but the mass difference between the
sample under study and reference one. The
measuring error Am was 0.1 mg, resulting
in A ~ 6 nm error for the sample & 70 mm.

The optical purity and roughness of the
sample was studied using a MII-4 optical
microscope and a Solver PA7TH PRO atomic
force one (Russia). The structure defect
characteristics in surface layer were studied
also using a DRON-3M double-crystal dif-
fractometer in Co K, emission in 6-20 re-

formed using the formula h = where
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cord mode with 2 mm slit at the counter.
The thickness of distorted surface layer
after the MP was estimated according to
[6]. To estimate the growth dislocation den-
sity, the mirror cleaves of the samples per-
pendicular and parallel to <1012> plane of
the crystals grown at the surface orienta-
tion <1012>, using the integral reflection
power Rp: Rp = EI:—Z)’ where E is the integral
reflection intensity of the corresponding re-
flection with subtracted background inten-
sity; @, the angular rotation speed of the
sample; I, intensity of monochromatic
beam incident the sample under study. The
sample after CMP prior to and after addi-
tional anneal at 1250°C for 4 h was exam-
ined in the same manner.

3. Results and discussion

After the MP, a large number of
scratches (about 8.6-10% per cm length) is
observed on the surface microphoto and pro-
filogram of sapphire with R, ~ 7.7 nm and
R, ..~ 35 nm. The estimation of the dis-
torted surface layer using the method [6]
for <1012>, <2024>, <3036>, <4048> re-
flections taken in TXRD in Cu K ; emission
gives the value about 2 pum.

The more illustrative and informative
data are obtained when recording DRC and
registering DRCS, integral reflection power
Rp, and intensity I in the reflection maxi-
mum. In Fig. 1, it is seen the substantial
difference in DRCS taken for <1012> and
<2024> relections of the sample processed
by the CMP (curve 1) and MP (curve 2). For
the MP processed samples, an essential DRC
broadening, intensity decrease in the max-
ima of <1012>, <2024>, increase of the
rocking curve  and the B’ width at 10 % of
I,,. as compared to DRC taken form the
mirror cleave or after CMP. The main cause
of the DRCS changes after the MP is the
presence of a fissured layer with a little
rotation of crystallites on the processed
sample surface. P’ is about 120 angular
seconds being essentiall less than in [7]
where the crystallite misalignments after
MP can approach several grades. To reveal
the post-MP textured polycrystal layer, the
XRD pattern were taken using a double-
crystal diffractometer with a pyrolytic
graphite monochromator that provides the
incident X-ray beam intensity exceeding by
three orders of magnitude that from TXRD
and beam divergence of the order of omne
grade; however, the pattern taken in 6-26
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Fig. 2. Variation character of E (a), E’ (b),
R, (c) at layer-by-layer removal of the h
thick distorted surface layer by CMP.

mode at the counter slit of 2 mm did not
shown any reflections besides of those from
<1012> planes. To estimate the dislocation
density p, in the sapphire crystal, the mir-
ror <1012> cleaves of the crystals were
used having no distorted surface layer using
the integral reflection power Rp and its de-
pendence on p; [8]. In advance, Rp were
calculated for Cu K, ; emission for <1012>,
<2024>, <3036>, <4048> reflections under
dynamic (Rdyn) and kinematic (Rp;,) ap-
proximations for the X-ray beam diffraction
by sapphire crystal in Bragg reflection ge-
ometry [9] as well as the reflection angles, 0,
(see Table).

The cross-section of monochromatic beam
on the sample under study for different re-
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flection orders S when working in TXRD. It
is seen from the Table that the calculated
Ry, and Ry, values differ substantially for
two_ first reflection orders, <1012> and
<2024>, and the Ry;,/R;, is 8.48 and
5.67, thus providing reliable estimation of
the dislocation density in the crystals being
studied. Thus, the values such as DRCS, the
rocking curve halfwidth B, the width B’ at
10 % of I,,,,, the integral reflection power
Rexp and the Rexp/Rdyn ratio are sufficient
to characterize the post processed structure
perfection of grown crystals bulk and sur-
face layers. To enhance the reliability of
experimental measurements, the rocking
curves were recorded at the sample rotation
from smaller ®p angles to larger ones and
vice versa as well as at the scanning of the
sample with respect to the incident beam
with the scanning pitch L = 1.5 mm accord-
ing to at least 5 measurements which were
averaged, their values are given in Table
and in Fig. 2. The error of B, p', R,,, was
reduced to 2 %. To determine the defect-
ness characteristics of distorted surface
layer and its thickness h, the (3, f/, Rexp
walues were measured after each stage of
layer removal by CMP and the thickness of
the removed layer was determined from the
sample mass loss. The [(k), B'(h), Rexp(h)
dependences for four reflection orders from
the crystallographical plane <1012> are
presented in Fig. 2. The strongest distor-
tions in the surface layer are observed in
the thickness smaller than 1.0 um, what is
evidenced by the steep curve slope for all
the three characteristics in this plot sec-
tions. For those thickness, the maximum
material removal rate by CMP is observed
exceeding by 2-2.5 times that at the sub-
sequent polishing.

The initial dislocation density was deter-
mined from the Rexp(pd) dependence accord-
ing to the procedure [8]. It is established to
be py~ 1-10% cm™2 for the mirror <1012>
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Fig. 3. B(L) and R(L) dependences at L scan-
ning of the post-CMP sample. Reflection
<2024>, Cu K ; emission.

cleave cleaved in parallel to the sapphire
crystal surface. The dislocation density at
the sapphire <1012> surface after the CMP
is py~ 2104 cm™2. The difference in the
dislocation density in the mirror cleave free
of the surface layer as compared to the sam-
ple subjected to CMP seems to be connected
with the sample location within the grown
crystal volume. This is confirmed by the
R,,., measurements for a cleave perpendicu-
lar to the grown crystal surface. For the
<2024> reflection, Rexp was 43.12:1076, ex-
ceeding considerably the values for the sam-
ple post-CMP surface.

After the distorted 2-2.5 um thick sur-
face layer is removed by CMP, the rough-
ness is 0.2 to 0.25 nm; however, a decrease
of R,,, down to A ~ 3.5 um is still observed
in Rexp(h) dependence (Fig. 2, ¢) what is
more clearly seen in the R, (k) change
character for the <1012> and <2024> re-
flections. This is seems to associated with
the presence of a layer with the increased
dislocation density formed due to the proc-
essing. After the CMP, the samples were
annealed in air at 1250°C for 4 h. This is
resulted in decreased integral reflection
power R,., for all the reflection orders, see

Table. Structure perfection characteristics of the sapphire with crystallographical orientation <1012>

<hkil>| 9, | S, |Calculated value, Ry
Reflec-| grad | pm

. polishing
tion

Mechanical

Chemical- Chemical- Cleared facet
mechanical mechanical (parallel to the
polishing polishing,annealing surface of the

(1250 °C, 4 h) sample)

Rq - 10°|Ry - 108 Re/Ia| B, s | B, s |Rexpr10%| B, s| B/, 5|Rexp 10| B, s |P, s Rexpr10%| B, s |B, s |[Rexp10°
<1012>(12.79/226| 19.9 | 69.2 |3.48 [36.0(115.7] 49.73 |8.4(24.4| 24.84 |16.8|32.1| 22.53 [10.0| 9.0 | 21.82
<2024>(26.28/113| 21.1 | 119.6 | 5.67 |36.0(117.0] 70.69 |8.2 |23.8| 29.10 [17.5(34.7| 24.80 |11.6| 8.8 | 27.43
<3036>(41.62| 75 | 1.34 | 2.52 |1.88(11.6(43.7| 3.07 |6.7|16.1| 2.73 [15.7|32.1| 2.26 |6.9|8.0 | 2.38
<4048>(62.33| 56 | 6.28 | 9.99 |1.59|15.4|57.9| 16.57 |10.3/21.9| 10.87 |16.9/36.0| 8.64 [10.8 6.7 | 9.84
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Table, that is associated, in first turn, with
the decrease in chaotic dislocation density
and formation of the polygonized disloca-
tion boundaries resulting in the DRC split-
ting and broadening as well as in R, in-
crease up to 0.7 nm. To analyze the post-
CMP sample structure perfection
inhomogeneity, the sample was scanned at a
pitch of L =1.5 mm in the crystal growth
[1120] direction with respect to the incident
X-ray beam at the DRCS registration and de-
termination of B and R, exp 1L each point. From

the experimental B(L) and Rex (L) (Fig. 3), this
inhomogeneity is seen to attach about 18 %.

The DRCS analysis during the sample
scanning evidenced also in some locations of
the ordered dislocation boundaries resulting
in DRC splitting at the rotation angles up
to 5 angular seconds.

4. Conclusions

Thus, the TXRD methods provide a suf-
ficient information on the structure perfec-
tion of surface layers in sapphire substrates
of <1012> after MP by ASM-28/20 diamond
paste followed by CMP. It if found the ab-
sence of polycrystalline layer after MP and
the presence of fissured layer with small
angles of the crystallite rotation (B’ ~ 120").
After the finish CMP and achievement of
the surface roughness ~0.2-0.25 nm, the
layers with an increased dislocation density
are observed in the near-surface area. The
revealed structure nonuniformity over the

cross-section of the sample is due mainly by
the crystal growth technology. A post-CMP
isothermal anneal in air at 1250°C for 4 h
is found to be a very efficient technique for
decrease the dislocation density in the near-
surface layer of the sample. After that an-
neal, R, , = 24.8-107%, being close to the
Ry = 21.1-107% value for the dispersion of
X-rays by a perfect crystal calculated under
dynamic approximation.
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PentrenaugppakToMeTpuuYHi JOCHIIKEeHHSA
NPUIIOBEPXHEBUX HIapiB HMigKJIaXOK 3 candipy 3
KpHucTajorpagiunom opieHramicro <1012>

B.®.Txauenko, 0.0.JIykienko, O.T.Byonikos,
0.0.Bosk, C.I.Kpueonozos, 0.4./[anvko

Metomom TpukpucraabHOi peHTreHiBehbKol mudpartomerpii (TPII) BucoKOro poszpineHH:A
JOCJIiIKeHO JOCKOHAJIICTh CTPYKTYPU IPUIIOBEPXHEeBUX IIapiB mifiKkJazok 3 camdipy 3 Kpuc-
TasorpadiuHoo opieHTamieio <1012> micaa MexaHIUHOrO MOJNipYyBaHHA AJIMa3HOIO IACTOIO
ACM 28/20, a TaxkoX TpU IOETAIHOMY 3HIMaHHI CIOTBOPEHOrO IIPUIOBEPXHEBOTO IIAPY
ximiko-mexaHiunum nojgipyBamHaAM (XMII) y cycmensii penTreHOaMOp(HOTO KpeMHe3eMy
SiO, Ta mHactymHOMy Bigmami mporo spasky mpu TemuepaTypi 1250°C mporsarom 4 romwmH.

CTpyKTypHO-UYTJINBUMHU IIapaMeTpaMu, I0 BUMipoioTbcd Metomamu TPII, Oyiu:

popma

KpuBoi gudpakiiiinoro BigduTTa, HaniBmupuna Kpuboi xutanud KB [, mupuna Ha BucoTi
10 % Bix inTencmBHoOcTi y makcumymi KIOB — P, inTerpaspHa moTysKHicTH BiAOuTTA Rp.

Orpumano sanesxkuicte mapamerpis [B(k), B'(k), R

exp(h) npu mnomaposBomMy 3HimanuHi XMII

CIIOTBOPEHOro mapy toBuiuHoo h. Iloxasano, mo npu 3usaTTti XMII crioTBOpPEHOro Ipumo-
BEPXHEBOr0 IIapy TOBIIMHOW A ~ 2,5 MKM mopcTkicTs mosepxi R, ~ 0,2 HM, OfHAK BCTaHOB-
JIeHO HASIBHICTBL MIAPiB 3 IiABUINEHOIO MIiJIbHICTIO AMCIOKAIlill.
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