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Studied is the influence of pH, surface-active substances and ultrasonic dispersing on
the degree of deagglomeration of aerosol in the polishing suspensions used for CMP of
sapphire, the removal rate and the optical quality of the surface at polishing. Ultrasonic
dispersing makes it possible to obtain silica sol. It is established that the addition of
high-molecular compounds with the functional groups OH favors deagglomeration of
aerosil, raises the removal rate and allows to obtain the sapphire surface with the optical
quality 20/10-40/20 according to the USA standard MIL-0-13830.
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WNsyueno Bnusinve pH, IOBEPXHOCTHO-aKTUBHBIX BEIECTB U YJIbTPABBYKOBOTO AVICIIEPIV-
pOBaHHUSA HA CTENEeHb [earjioMepaluy a9POCHUiIa B IIOJIUPOBAILHOH CYCIEH3WU LI XHUMUKO-
MeXaHUYEeCKOro IMOJMPOBaHUA candupa, CKOPOCTh ¢beMa candupa U ONTHUYECKOe KaUeCTBO
IOBEPXHOCTY IIPY I[OJUPOBAHWUY. B pesyibrare yJIbTPASBYKOBOI'O NUCIEPTUPOBAHUA CYCIICH-
8UM IIOJYyYeH CHUJIUKO30Jb. ¥CTAHOBJIEHO, U4TO A00ABKA B IOJMPOBAJIBHYIO CYCIIEHSHUIO BBICO-
KOMOJIEKYIAPHBIX coefuHeHn ¢ pyHrimonanbubiMu rpynnamu OH cmocoberByer mearmome-
paluy aspocuia, TMOBBIIIIEHUI0 CKOPOCTU CheMa U IMO3BOJISAET MOJAyYaTh TMTOBEPXHOCTH camdu-
pa ¢ ontTuueckuM KaudectBoM 20/10-40/20 mo crammapty USA MIL-0-13830.

Hearaomepallis aepocuiay y MOJipyBaJdbHiN cycmeH3il aiaa xiMiko-MexXaHIYHOTO mOJdipy-
BaHHA candipy. 0.0.Bogxk.

Hocaimxeno Buaue pH, moBepxXxHEBO-aKTUBHUX PEUOBMH TA YJILTPA3BYKOBOTO MUCIIEPTY-
BAHHA HA CTYIiHb [JearjioMepallil aepocunay y TOJipyBanbHI cycnmeHsil ana ximMiko-mexaniu-
HOTO TTOoJipyBaHHA candipy, NIBUAKICTL 3HiMaHHA candipy Ta ONTUYHY AKICTh MOBEPXHI mpu
nosipyBanui. B pesynbraTi yabTpasByKOBOTO QUCIEPTyBaHHS CycHeH3il oxep:kaHo ciiiko-
30s1b. BceraHoBsieHo, 1m0 BMKOPHUCTAaHHA Y MOJIPpyBaJbHiIM cycmeH3il BUCOKOMOJEKYJIAPHUX
cnoayk 3 gyHENioHanpHuMMu rpynamu OH mpussomure mo mearsmomeparnii aepocumiy, Imigsu-
HIeHHd [IBAAKOCT] 3HIMAaHHS Ta L03BOJAE OTPUMYBATHU IIOBEPXHi camdipy 3 OOTUYHOIO sKic-
Ti0 20/10-40/20 3a cramgaprom USA MIL-0-13830.

© 2015 — STC "Institute for Single Crystals”

1. Introduction

Sapphire is widely used in opto- and mi-
croelectronics in the capacity of optical win-
dows and substrates for epitaxy. Such prod-
ucts must satisfy high technical require-
ments to the structure perfection and
optical quality of the surface. For instance,

110

to achieve high reflection coefficients of the
elements of X-ray optics, their surface
roughness must not be worse than several
tenths of a nanometer [1]. At the obtaining
of "silicon-on-sapphire” structures and het-
erostructures based on nitrides of the third
group metals (INN, GaN, AIN) and their solid
solutions essential roughness may give rise
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to three-dimensional growth or amorphiza-
tion of the layer [2—-4]. The substrate sur-
face must not have damaged surface-adja-
cent layer and defects, its roughness Ra is
not to be higher than 0.3 nm, the optical
purity class must be 20/10 (according to the
USA standard MIL-0-13830).

The method most often applied for final
polishing of sapphire surface is chemical-
mechanical polishing (CMP) using colloidal
silicon dioxide as a polishing suspension [5—
8]. CMP allows to obtain surfaces of high
optical quality not containing surface and
surface-adjacent defects, and is charac-
terized by high rate of the material re-
moval. The technologies which imply the
use of stabilized silica sols produced by
Nalco Company (USA) in the capacity of
polishing solution are most widespread in
the world [9, 10]. Silicon dioxide is present
in these silica sols in the form of individual
spherical particles, which size varies from 7
to 100 nm depending on the sol sort
(Fig. 1a). Another, much less expensive
method of CMP, is the use of polishing sus-
pension on the base of silicon dioxide in the
form of aerosil obtained by pyrogenic syn-
thesis [11]. This aerosil consists of silicon
dioxide particles with a grain size of 7—
40 nm and is strongly agglomerated. Hard
aggregates formed from nanodimensional
particles sintered in the process of high-
temperature pyrogenic synthesis, create ag-
glomerates both at the synthesis and in
water suspension, due to interparticle inter-
action forces. Agglomeration of aerosil in
water is also provided by the silanole
groups =Si—OH present on the particle sur-
face which form hydrogen bonds. The size
of coral-like agglomerates reaches several
microns (Fig. 1b). Their presence leads to
the formation of scratches on the polished
surface and to diminution of the polishing
rate. Such a polishing suspension can be
used for CMP of sapphire with a consider-
able deviation (exceeding 3 ang.deg.) of the
surface from the crystallographic plane.
However, the class of the surface optical
purity will be not higher than 40/20. At
lesser deviation angles and the crystal-
lographic orientation (0001) the quality of
the polished surface essentially worsens
[12]. To raise the surface quality it is nec-
essary to improve the chemical and disper-
sion composition, as well as the rheological
properties of the polishing suspension. The
latter must be stable, low-viscous and con-
tain non-agglomerated nanodimensional
SiO, particles chemically active to Al,O;.
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Fig. 1. Polishing suspension: (a) agglomer-
ated on the base of aerosil, (b) silica sol Nalco
2360 (consists of the particles of two frac-
tions 20 and 70 nm) (TEM, the mark at
50 nm).

The goal of the present study is estab-
lishment of the conditions of the destruc-
tion of aerosil agglomerates (deagglomera-
tion) in the polishing suspension used for
chemical-mechanical polishing of sapphire
which allows to obtain the surface of high
optical quality.

2. Experimental

The experiments were performed on
@70x3 mm sapphire disks with the crystal-
lographic orientations of the surface (0001),
(10T2), (1120). The samples were mechani-
cally polished by means of the diamond
paste ACM 28/20 and then subjected to
CMP in aerosil suspension. The process of
pol ishing was realized on a special face-
plate which allowed to simultaneously treat
three samples under the same conditions.
The rate of CMP was quantitatively esti-
mated based on the removal rate of sapphire
calculated from the loss of the sample mass
according to the procedure described in de-
tail in [12].

The polishing suspension was prepared
from aerosil with a specific surface of
380 m2/g (produced in Ukraine) and deion-
ized water. The content of aerosil in the
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suspension was 5 wt.%, that corresponded
to the optimum one [13].

Deagglomeration of aerosil is rather dif-
ficult, since destruction of the agglomerates
requires essential energy. As known from
the literature, pyrogenic silicon dioxide can-
not be used for preparation of an ideal sol
consisting of discrete particles. However, it
can be partially deagglomerated by means of
certain chemical and mechanical treatment,
as well as dispersers [14]. Deagglomeration
of aerosil and stabilization of its suspension
may be provided due to the following two
factors. The first of them is bound up with
the formation of ion charges on the parti-
cles which will lead to their separation by
means of repulsive forces (electrostatic sta-
bilization). The second factor is adsorption
of inert surface-active substances (SAS)
which allows to separate the surfaces of the
particles for preventing possible direct con-
tacts between the silanol groups =Si—OH
(steric stabilization).

In this study electrostatic stabilization
was realized by the addition of alkaline
agent to the suspension. We prepared the
suspensions with pH varying in the range
from 4.5 to 11. The value of pH was con-
trolled using 0.5 M NaOH solution. The
SAS solutions were added to the suspension
at constant mixing. The suspension was ho-
mogenized by means of a mechanical mixer
rotating at a velocity of 1200 r.p.m. during
two hours.

The suspension viscosity was measured
by a glass viscosimeter at 20°C. Ultrasonic
dispersing was realized in a bath of ELMA
T 700/H type (with a working frequency of
36 kHz and a power of 560 wt) containing
1 1 of the polishing suspension. The mor-
phology of the aerosil particles was studied
on a transmission electron microscope EM-
125 with 100 kV accelerating voltage. The
optical quality of the surface was estimated
visually using an optical microscope MBS-2.

3. Results and discussion

As found while investigating the mor-
phology of the aerosil particles, at pH in-
creasing from 4.5 to 8 the size of the ag-
glomerates diminishes almost by an order.
The study of the removal rate of sapphire in
the process of CMP shows that it rises with
pH and reaches its maximum at pH 8.4 for
all the crystallographic orientations
(Fig. 2). Such a dependence on pH may be
caused by diminution of the size of the
aerosil particles which results in the in-
crease of the area of the surface of the
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Fig. 2. Dependences of the removal rate for
sapphire with the crystallographic orientation
of the surface 1 — (0001), 2 — (10T2), 3 —
(1120) on pH of the polishing suspension.

contacts between SiO, and sapphire. The
maximum of the graph may be connected
with the change of the reaction of chemical
interaction between Al,O; and SiO, in ac-
cordance with the model proposed in our
paper [10]. The two competing chemical re-
actions which proceed between Al,O; and
Si0, depending on pH lead to the formation
of amorphous Al,SiOg layer on the sapphire
surface.

The change of the chemical reaction is
caused by the fact that the charge state of
the sapphire surface undergoes the change-
over from AIR* to AlO,™, since the isoelectric
point of Al,O5 is at pH 7.9. However, irre-
spective of the increase of the removal rate,
one could observe surface defects (scratches)
on the surface of sapphire, particularly of
the one with the orientation (0001).

We tested several non-ionogenic high-
molecular SAS with different form of the
functional group and polymer chain length:
oxyethyl derivatives (OD-7), gelatin, SAS1
and SAS2 with OH-groups differing in mo-
lecular mass (Mgag; = 25000, Mgpgs =
250000). To establish the optimum SAS con-
centration there were prepared series of
suspensions with SAS concentrations rang-
ing between 0.05 and 2 wt.% with respect
to silicon dioxide. Presented in Fig. 3 are
the results of comparative study of the mor-
phology of the aerosil particles and the re-
moval rate of sapphire for the suspensions
with different SAS. The suspensions with
OD-7 and gelatin were found to be the least
effective, as they were strongly agglomer-
ated and provided low removal rate. The
suspension containing gelatin had high vis-
cosity, and at its concentration of 1 mass.%
there occurred slipping of the samples on
the polishing pad practically without fric-
tion. Therefore, the process of polishing
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Fig. 3. Morphology of aerosil particles (from the left) and dependences of the removal rate for
sapphire with the crystallographic orientation of the surface 1 — (0001), 2 — (1012), 3 — (1120),
on the content of SAS in the polishing suspension (from the right). The arrows show SAS concen-
trations in the suspensions presented in the microphotographs (TEM, the mark at 50 nm).
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Fig. 4. Polishing suspension on the base of aerosil at ultrasonic treatment: (a) morphology of the
particles of aerosil after the treatment during 45 min, (b) dependence of the suspension viscosity

on the duration of dispersing.

terminated, and the removal rate dimin-
ished to 0 (Fig. 8b). The polishing quality
was extremely low.

For the suspensions with SAS1 and SAS2
the results were similar (Fig. 3¢, d). How-
ever, the same removal rates were achieved
at SAS2 concentrations almost half as high,
obviously due to the longer polymer chain.
At the use of the suspensions containing
SAS with concentrations 0.2—1.4 wt.% and
0.05-0.3 wt.% for SAS1 and SAS2, respec-
tively, the quality of the surface corre-
sponded to the optical purity classes 20/10-
40/20, depending on the crystallographic
orientation of the sapphire surface as well
as the SAS type and concentration. The best
surface quality was obtained for the suspen-
sion with SAS1 in which the aerosil parti-
cles were least agglomerated. At the same
time, the results of the measurement of the
suspension viscosity show that at the rise of
the SAS1 content from O to 1 wt.% the
viscosity grows from 2.12 to 3.02 c¢P. This
testifies to the fact that along with aerosil
deagglomeration, there takes place aggluti-
nation of long polymer chains that impedes
the reciprocal motion of the particles [11].
Apparently, SAS which covers the aerosol
particles also acts as a lubricant preventing
the formation of defects caused by the pres-
ence of coarse particles in the polishing sus-
pension, defects of the polishing pad, as
well as by noise and minor vibrations from
the polishing equipment. Similar effect was
reported by the authors who applied carbox-
ylic acid as a lubricant in the process of
polishing hard disks using colloidal SiO,
[15].

All the suspensions with different pH
and SAS were unstable and formed gelati-
nous sediment in the course of time.
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For the polishing suspension deagglom-
eration we used dispersing in ultrasonic
bath. In the process of ultrasonic treatment
the suspension transparency increased,
whereas its viscosity diminished from 2.13
to 1.7 ¢P (Fig. 4b). Within 20 min. of dis-
persing the suspension was transparent and
stable, no sediment was formed at storage
during several weeks. The said testifies to
the formation of a stable sol which consists
of aggregates with an average size up to
150 nm (Fig. 4a).

In the process of polishing by means of
this suspension the removal rate for all the
crystallographic orientations of sapphire in-
creased in comparison with the one in the
case of treatment in non-dispersed suspen-
sion. At the same time, vibration of the
polishing equipment became stronger. The
quality of the sample surface was lower
than that obtained while polishing in the
suspension containing SAS1 and SAS2. This
fact confirms the assumption that some
part of the defects present on the surface of
sapphire may arise in the process of me-
chanical interaction of sapphire surface
with the aerosil particles and the material
of polishing pad.

4. Conclusions

Studied is the influence of pH, surface-
active substances and ultrasonic dispersing
on the degree of deagglomeration of aerosol
in the polishing suspensions used for CMP
of sapphire, the removal rate and the opti-
cal quality of the surface. It is established
that with the rise of pH the size of the
agglomerates diminishes, the removal rate
reaches its maximum at pH 8.4. Ultrasonic
dispersing of the suspension containing
aerosil makes it possible to obtain a silica
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sol with secondary silicon dioxide particles
measuring up to 150 nm. It is found that
the addition of SAS with functional groups
OH in concentrations of 0.05-1.4 wt.% to
the polishing suspension leads to deagglom-
eration of aerosil, increases the removal rate
and allows to obtain the surface of sapphire
with the optical quality 20/10-40/20.
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