Functional Materials 19, No.4 (2012)

Investigation of residual stresses in sapphire
plates after grinding and polishing

A.T.Budnikov, E.A.Vovk, V.N.Kanishchev, S.I.Krivonogov

Institute for Single Crystals, STC "Institute for Single Crystals™
National Academy of Sciences of Ukraine,
60 Lenin Ave., 61001 Kharkiv, Ukraine

Received August 22, 2012

The method of flexure determination was used to investigate the dependence of residual
stresses on the depth of damaged layer in sapphire plates with a diameter of 100 mm after
grinding and polishing. The flexure was determined from nonflatness of the control side
of the plate using an interferometer of IT-200 type. The layer damaged in the process of
grinding or polishing (of the tested side of the plate) was removed by chemico-mechanical
polish. The removed value was established to an accuracy of 0.1 mg by weighing the plate
before and after the treatment. The plate flexure was found to diminish with each removed
layer, and to disappear after removal of 7 um and 0.4 um thick layer of the ground and
polished samples, respectively. The most essential deformation caused by residual stresses
was observed in the layers of the ground and polished plates with a thickness of 0.12—
0.24 pym and 0.09-0.14 um, respectively.

MeTomom ompenmenenus nporuba mcejaeroBaHA 3aBUCUMOCTH OCTATOUHBIX HAMPAMKEHUI OT
TJIyOUHBI HAPYIIEHHOTO ¢JIoA B IaacTuHax candupa auamerpom 100 MM mocie mx muiudgosa-
HUA U ToaupoBanusa. [Iporud oupenessaay M0 HEMJIOCKOCTHOCTH KOHTPOJLHOM CTOPOHLI TLIAC-
TUHBI ¢ momolbio mHTepdepomerpa NT-200. Chem HapylieHHOTO mocjae MIAUQPOBAHUA WU
TOJUPOBAHUA cJos (TecToBas CTOPOHA IIJACTUHBLI) MPOUSBOAUIN XUMHKO-MEXaHUUECKUM
nonupoBanueMm (XMII). Beauuunny chbeMa oupeaessijd B3BEIMINBAHNEM IIJIACTUHLI M0 U TOCJE
XMII ¢ toumocTbio 0.1 Mr. YeTaHOBAEHO, UTO € KAKABIM CHATBHIM CJIOEM ITPOTU0 IIJIACTHUHBI
YMeHbIITaeTcs, a MPU CHATUU CJOA TOJMIMUHON 7 MKM Aad maudoanuoro n 0.4 MKM I
MOJUPOBAHHOTO 00pasioB mporud uncuesaer. IlokasaHo, uTo HambGoJabITaa gedopMalua Call-
dupa mmox meficTBUEM OCTATOUHBIX HaIpsAKeHUi Habmogaerca B cjoe Ttojamiuuoit 0.12—
0.24 mm gna mngosanuoit u 0.09-0.14 MKM A8 TONMMPOBAHHON TIACTHUH.

© 2012 — STC "Institute for Single Crystals”

1. Introduction

Due to its unique mechanical and optical
properties, sapphire is widely used for the
making of optical systems which operate
under extreme conditions, substrates for
light diode devices, etc. [1]. In most cases
sapphire articles must comply with strin-
gent requirements, such as high structure
perfection, good quality of surface treat-
ment, the absence of disturbed surface-adja-
cent layer, a surface roughness (R,) of ~
3 A, a flatness (L) of ~ 5 um, an optical
quality of 20/10 according to the standard
USA-MIL-0-13830. The latter is especially
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significant for substrates which undergo
different kinds of treatment (cutting,
grinding, polishing) in the process of their
production, that results in the formation of
a disturbed surface layer. This layer essen-
tially influences the quality and, conse-
quently, the properties of the final prod-
ucts, e.g. stability of epitaxial structures
[2, 3], diminution of the lifetime of charge
carriers [4], etc.

The obtaining of substrates with mini-
mally disturbed layer and optimization of
their treatment conditions require simple
nondestructive methods for controlling the
substrates at each treatment stage. Such
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Fig. 1. Interference patterns of the control crystal surface: a — immediately after grinding the

tested surface; b, ¢, d — at further CMP.

methods include direct measurements of
flexure [5] or interferometric flatness deter-
mination [6]. As is known [7], the plates
deflect if their two surfaces have been
treated by different abrasives (the Twyman
effect). This is caused by the stresses which
arise in the process of treatment. So, by
removing the disturbed surface-adjacent
layer without producing additional stresses
(e.g. by chemico-mechanical polish) one can
control the flexure of the plate while meas-
uring its flatness. This makes it possible to
estimate the wvalue of the disturbed layer
and the residual stresses for each kind of
treatment.

The present work is aimed at estimation
of the depth of the disturbed layer and the
residual stresses in sapphire substrates
after grinding and polishing.

2. Experimental

The study was performed on 3.75 mm
thick sapphire plates with a diameter of
100 mm. The plates were cut out of the
crystals grown by the method of HOC in a
furnace with carbon graphite thermal
shields [8]. After cutting and grinding the
crystals were annealed at 1800°C during
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10 hours to remove mechanical stresses.
Then one of the plate surfaces used for con-
trol was polished by means of a copper
polisher with free abrasive ACH 1/0, to
achieve a minimum non-flatness, and an-
nealed once more during 10 hours at
1800°C. Thereat, the non-flatness of the
polished surface did not exceed 1/3 of the
Newton ring (0.09 um) which was controlled
by an interferometer of IT-200 type.

The investigation technique consisted in
the following. After treating the tested sur-
face of the sample (e.g. grinding with
boron carbide of a preset grain size), the
sample was weighed, and the interference
pattern of the control surface was obtained.
Then the method of chemico-mechanical pol-
ishing (CMP) was used for sequential re-
moval of the layers from the tested surface
of the sample by means of aerosil suspen-
sion. After each CMP procedure the sample
was weighed, and the interference pattern
of the control surface was taken. The re-
moved layer thickness was determined from
the difference between the sample’s weight
before and after CMP, the change in the
flatness of the control plate surface was es-
tablished from the number of the Newton
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Fig. 2. Dependences of the flexure W of the ground (a) and polished (b) plate on the thickness of

the removed surface-adjacent layer h.
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Fig. 3. Dependences of residual stresses o in the ground (a) and polished (b) samples on the

thickness of the removed surface-adjacent layer h.

rings. The thickness of the removed layer
was calculated using the relation

p = dAm 1)
nd2p’

where Am is the mass loss; p, the density of

sapphire (8.98 g/ecm3); d, the diameter of

the sample.

The loss of the mass of the tested sample
was determined from the difference between
its mass and the one of the standard sap-
phire sample of the same dimensions and
mass which was used during all the experi-
ments. Prior to the measurements, both
samples were held in contact with each
other on a massive metallic stand to equal-
ize their temperatures. This allowed to
minimize the hygroscopic effect and bring
the mass measurement accuracy to £0.1 mg.
In view of a rather large diameter of the
samples, the accuracy of determination of
the removed layer thickness was +£30 A.

3. Results and discussion

The flexure of the plate W was calcu-
lated from the relation W = (A/2)N (where

A =0.546 um, N is the number of the New-
ton rings on the control surface of the
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plate). Visually, i.e. without using a meas-
uring facility, the changes of N can be re-
vealed only to an accuracy of 1/3 of the
ring, which corresponds to the accuracy of
determination of the sample flexure W
(about 0.1 pm).

The process of CMP was terminated when
the interference pattern obtained after re-
moving a layer of the sample surface
showed the initial value (£1/3 of the New-
ton ring) and remained unchanged.

Fig. 1 presents the interference patterns
obtained after grinding of the sample with
free boron carbide abrasive No.5 and re-
moval of several layers by CMP.

Shown in Fig. 2 are the curves of the
dependence of the flexure of ground (a) and
polished (b) sample W on the thickness of
the removed surface-adjacent layer h. One
can see that the flexure of the plate de-
creases as the disturbed layer thickness di-
minishes. The thickness of +this layer
reaches 7 um and 0.4 um for the ground
and polished sample, respectively.

The distribution and wvalue of residual
stresses in the disturbed layer may be esti-
mated from the flexure of the plate after
removal of the layer with the thickness i. If
to consider the plate isotropic, the flexure
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Fig. 4. Microphotographs of ground sapphire surface at layer-by-layer polishing of the disturbed
layer: a — immediately after grinding; b, ¢ — during polishing; d — after complete removal of the

plate flexure (x300 magnification).

spherical, the stresses uniformly distributed
over the surface, then for a flexure lesser
than the thickness of the plate the relation
between the flexure of the plate and the
distribution of residual stresses in it will be
expressed by the formula [9]:

f o(h) = (2)
___E _2dW(h) _
- u)rzt(d W2 ad - mwn) +
h
+ (4d - 6WW(0) + 2] f(2)dz |,
0

where E is the Young’s modulus (350 GPa
[1D; u, the Poisson’s ratio (0.28 [1]); r, the
radius of the plate; d, the thickness of the
plate; h, the depth of the disturbed layer.
All the terms present in square brackets,
except the first of them, may be neglected,
since h << d.

Shown in Fig. 3 is the distribution of
residual stresses depending on the thickness
of the removed material. Despite the pres-
ence of several peaks on the curves o(h),
only one of them, the highest, is to be paid
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attention to. The amplitude of all the other
peaks is on the order of the error of dW/dh
derivative calculation. Therefore, a conclu-
sion concerning the character of the distri-
bution of stresses in the ground and pol-
ished samples is to be made only after rais-
ing the accuracy of determination of the
number of the Newton rings in the interfer-
ence patterns at least by several fold.

The most essential deformation of the
samples under the influence of residual
stresses is observed in 0.12-0.24 um thick

layer of the ground plate and 0.09-0.14 um
thick layer of the polished plate. At further
removal of the disturbed layer the stresses
diminish and practically go to zero when
the flexure disappears. Thereat, the value
of stresses for the polished sample is higher
in comparison with the one for the ground
sample. This may be connected with the dis-
turbed layer structure and different mecha-
nisms of abrasive wear at grinding and pol-
ishing [10-12].

The surface of the ground sample is not
smooth, so layer-by-layer polish at first re-
moves the micro-relief peaks, and then
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these polished areas expand (Fig. 4a—d). The
final point of the measurements (Fig. 4d)
corresponds to completely removed plate
flexure, but the surface is not smooth: it
contains defects. Therefore, the disturbed
layer is not completely removed.

The depth of the disturbed layer for me-
chanically polished sample estimated by the
method of three-crystal X-ray diffrac-
tometry [13] in CuKal radiation is ~2 um
[14], which essentially exceeds the value to
be assumed proceeding from Fig. 2b.

4. Conclusions

The stresses which arise in the substrate
in the process of its treatment and cause its
flexure are distributed in a thin surface-ad-
jacent layer. The latter is almost completely
removed during CMP, thereat its thickness
is lesser in comparison with that of the dis-
turbed surface-adjacent layer. So, this value
can be determined only qualitatively. Never-
theless, such an estimation makes it possi-
ble to optimize the processes of sapphire
treatment.
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JochigsKeHHs 3aJUIIKOBUX HANIPYKEeHb y IJIAaCTHHAX
cangipy miciaa IxX muripyBaHHSA Ta NMOJipyBaHHS

O.T.Byonixoe, 0.0.Boéx, B.M.Kaniwes, C.I.Kpueonozoé

MeTogoM Bu3HAUEHHS IIPOTHMHY [MOCHIIMKEHO B3aJeKHICTh SaJUIIKOBUX HAIPYXXEHb Bif
MIMOMHY IOPYILIEHOro LIapy y miaacTuHax candipy msiamerpom 100 mm micna ix maidysanmsa
Ta moJipysanud. [Iporun BusHAUaAM 3a HEIIOIIWMHHICTIO KOHTPOJBLHOI CTOPOHH IIJIACTUHU 34
pornomoroio inrepdepomerpy UT-200. 3uimanns nmopyineHoro miciad nuaidyBanHsa 4u HOJipy-
BaHHS MmIapy (TecToBa CTOPOHA ILIACTHHM) IIPOBOAUAM XIMIKO-MeXaHIiUHMM IIOJipyBaHHAM
(XMII). Bennuuny 3iioMy BU3HAYAJHN 3BAIKYBAHHAM ILIAcTHHU x0 Ta micas XMII s Tounicrio
0.1 mr. BeraHoBieHO, IO 3 KOMKHUM 3HATHUM IIapOM MOPOrMH ILIACTUHN 3MEHIIYThBCH, a IIPHU
sHiMaHHI HmIapy TOBIIMHOK0 7 MEM muad miaidosanoro ta 0.4 MKM AJd IIOJipOBaHOrO 3paskis
uporuH suHukae. ITokasamo, mio Haibinbpina gedopmalia candipy mig mi€o 3aIUIIKOBUX HAIIPY-
JKeHb crocrepiraerbes y mapi rosmmuow 0.12-0.24 mem guaa moaidgosanol ta 0.09-0.14 mxm

IJIA IIOJIipOBAHOI ILJIACTHH.

482

Functional materials, 19, 4, 2012



