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polishing suspension based on aerosil
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The conditions for the optimal balance among the degree of agglomeration of aerosil in
the polishing suspension, removal rate, and the quality of the polished sapphire surface
under chemical-mechanical polishing (CMP) with the polishing suspension contained sur-
factants at different pH were determined. It was determined that these conditions depend
on the crystallographic orientation of the sapphire surface. Surface roughness R, 0.2—
0.4 nm and the optical quality class 20/10-40/20 (USA MIL O 13830) was obtained for
orientations (0001), (1120), and (10T2) by CMP with the polishing suspension contained
the surfactant with OH functional groups, and at optimal value of pH for each orienta-
tions.

Keywords: sapphire, chemical-mechanical polishing, polishing suspension, silica,
aerosil, deagglomeration.

VeTaHOBIEHBI YCIOBUA OINTHMAJIBHOrO GalaHCa MEMIy CTEIEeHBI0 arjJoMePaIluy aspPOoCHJIa
B CYCIEH3HU, CKOPOCTBIO CheMa 1 Kad4eCTBOM IIOJHPOBAHHON IMOBEPXHOCTH IPU XUMUKO-Me-
XAQHAYECKOM IIOJHPOBAHNM camndupa IIPY KUCIIOJb30BAHNY IIOJHNPOBAJILHON CYCIEH3UH, COMep-
JKalel MOBEPXHOCTHO-aKTHUBHOE BemiecTBo upu pasHom pH. OupenmeneHo, 4To 9Tu yCIOBHS
BaBHCAT OT KPUCTAJNJIOrpadUUecKOol OpHeHTAl UM [OBepXHOCTH camdupa. [asa opueHTAn UM
(0001), (1120), (10I2) monyduena moBepPXHOCTH ¢ mepoxosatocTeio R, 0.2-0.4 BEM u omTuyec-
Kum kKauecrBoM KJjaacca 20/10-40/20 (USA MIL-0-13830) upy MCIOAB30BAHUU IIOJUPOBAJb-
HOII CycIeH3HMH, cogepiKalell MOBePXHOCTHO-aKTUBHOE BEIleCTBO ¢ PYHKIIMOHAIBHBIMA I'PYII-
nmamu OH, mpu onTUMAaILHOM OJd KasKIOoW opueHTanumn sHadenun pH.

Ximiko-MexaniuHe moJiipyBaHHs candipa 3 BHKOPHUCTAHHAM TOJiPYyBaJbHOI CYCIIEH3iT
Ha ocHOBi aepocuay. O.0.Bosk.

BceraHoBieHO yMOBU ONTUMANLHOTO OajlaHCy MisK CTyIlleHeM arJyioMepaliii aepocuyay B
cycrensii, mMBUAKICTIO 3HIMAaHHA Ta AKicTIO MoJiipoBaHoi MoBepxHi candipa npu ximiko-me-
XaHIYHOMY TOJIIPYBaHHI IPU BUKOPUCTAHHI MOJipyBasbHOI cycneHsii, 1110 MiCTUTL MOBEpXHe-
BO-aKTUBHY peuoBMHY npu pisHomy pH. Busnaueno, 110 111 yMOBU 3ajexkaTh Bifi KpUCTaIO-
rpadiunoi opienTarii moeepxui campipa. Haa opienramniit (0001), (1120), (10T2) omepsxaHo
TOBepXHIO 3 mopeTkictio R, 0.2-0.4 um Ta ontuuHolo akicrio Kiacy 20/10-40/20 (USA
MIL-0-13830) mpu BUKOPUCTAHHI MOJipyBasbHOI cycmeHnsii, AKa MiCTHTL MOBEPXHEBO-aKTUB-
HY peuoBHMHY 3 QGyHEIioHansEnMu rpymamu OH, npu onTuManbHOMY A8 KOMHOL opienTamii
suauenui pH.
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1. Introduction

Sapphire is one of the most common used
substrate materials in the world [1, 2]. Sap-
phire substrates are applied for the LED
which developing

production, rapidly
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around the world, and they are used tradi-
tionally for manufacturing integrated -cir-
cuits based on epitaxial layers of silicon on
sapphire. The high surface quality require-
ments of the substrates call improvement
technologies of sapphire surface finishing,
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in particular chemical-mechanical polishing
(CMP).

The most common CMP method of sap-
phire is burnished with polishing suspen-
sion comprised silica [3]. The polishing sus-
pension should be a low-viscosity suspension
of monodisperse particles of SiO,. Such sus-
pensions supplied by industrial company
Nalco are the most widely used to polish
sapphire, silicon carbide semiconductors and
other materials [4, 5]. Nalco suspensions
are too expensive, there are much cheaper
suspensions contained silica in the form of
aerosil (pyrogenic silica). However aerosil
obtained by way of high-temperature syn-
thesis is strongly agglomerated, and it
forms agglomerates when mixed with water.
The primary particle size of aerosil is
ranged of 7 to 40 nm, while suspension
made from this aerosil comprises agglomer-
ates of up to 10 um. Presence of such large
particles in the polishing suspension under
burnish leads to formation of scratches and
other defects on the sapphire surface. To
break up the agglomerates and to stabilize
the suspension applied the mechanical,
chemical, and ultrasonic methods of expo-
sure [6, 7]. The effects of pH, surface ac-
tive agents (surfactants), and degree of dis-
persion of the ultrasonic on deagglomera-
tion of aerosil in the polishing suspension,
the removal rate of sapphire, and optical
quality of polished surface were studied [8].
It was found that increasing pH reduce the
agglomerate size, and sapphire removal rate
increases and passes through a maximum at
pH 8.4 for all crystallographic planes. How-
ever, the quality of the surface during pol-
ishing remains unsatisfactory. At the same
time addition to the suspension the surfac-
tant of 0.2-1.3 wt.%, contained hydroxyl
groups at pH 4.5 caused increasing removal
rate and the surface quality.

The purpose of this study is to establish
conditions for the optimum balance among
the degree of agglomeration of the aerosil
in suspension, removal rate, and surface
quality by means the polishing suspension
contained the surfactant at different pH
that will allow to develop the polishing sus-
pension composition for CMP of sapphire
based on aerosil, and to obtain the surface
with high optical quality.

2. Experimental

CMP was performed on sapphire disks of
@70x3 mm?2 with the erystallographic orien-
tations of the surface (0001), (10T2) and
(1120). We have previously found that the
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Fig. 1. Dependences of removal rate of sap-

phire with the crystallographic orientation of

the surface: 1 — (0001), 2 — (10T2), and 3

— (1120) on pH of the polishing suspension

contained surfactant.

process of obtaining the sapphire surface of
high optical quality became more compli-
cated with decreasing angle of deviation
from the geometrical surface crystal-
lographic plane [9]. Therefore, the study in-
volves samples with an inclination angle not
more than 0.3 ang.deg, which polishing are
the most difficult. The samples were me-
chanically polished by means of the dia-
mond paste ACM 28/20 and then subjected
to CMP in aerosil suspension to remove the
damaged layer completely. CMP was real-
ized on a special faceplate, which allowed to
treat simultaneously three samples under
identical conditions. The rate of CMP quan-
titatively estimated based on removal rate
of sapphire calculated from the loss of the
sample mass according to the procedure de-
scribed in detail in [9]. The polishing sus-
pension was prepared from aerosil with spe-
cific surface 880 m2/g (Ukraine) and deion-
ized water. The suspension comprises
aerosil of 5 wt.%, surfactants contained hy-
droxy groups of 1.8 wt.%. 0.5 M solution
of NaOH was used to adjust pH. The surfac-
tant solution dropwised to the suspension
under constant stirring. The suspension was
homogenized by means of a mechanical
mixer rotating at velosity of 1200 rpm dur-
ing two hours.

Suspension viscosity was measured by
glass viscometer at 20°C. Morphology of the
aerosil particles was studied on transmis-
sion electron microscope (TEM) EM 125
with 100 kV accelerating voltage. Both the
morphology and surface roughness of the
sapphire samples were studied with atomic
force microscope (AFM) Solver P47TH PRO
(NT-MDT). Optical quality of the surface
was estimated by optical microscope MBS-2.
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Fig. 2. TEM images of aerosil particles in the polishing suspension: (a) without surfactants, (b) with

surfactant.

3. Results and discussion

Under the CMP by the polishing suspen-
sion contained surfactant the removal rate
depends on pH for different -crystal-
lographic orientations of the sapphire sur-
face in different way (Fig. 1). Decreasing
the rate throughout the whole experimental
range of pH was observed for crystal-
lographic plane (0001). Whereas, for the
planes (10T2) and (1120) the curves of these
dependences show the maximum at pH 7-8
and pH 8-9, respectively. The removal rate
for the plane (1120) increases in 2.3 times
while the pH value increases from 4.5 to 8.
Thus, there is own range of pH for the each
crystallographic plane that the removal of
material takes place most vigorously. This
behavior of the removal rate differs from
the CMP in suspension without surfactant,
wherein the nature of dependences of re-
moval rate on pH similar for all crystal-
lographic orientations: with increasing pH
the removal rate increases and passes
through the maximum at pH 8.3 [8]. It
should be noted that the addition of the
surfactant to the suspension causes increas-
ing removal rate up to 1.5 times, which re-
duces the CMP time.

The viscosity of the polishing suspension
increases from 2.12 to 4.30 cP (at pH 4.5)
with addition of the surfactant of 0 to
1.8 wt. % . Recently, in the study of mor-
phology of the particles in the polishing
suspension at pH of 4.5 we have found that
the addition of surfactant occurred disag-
gregation of the aerosil particles [8]. In our
case, there is increase in the viscosity,
which indicates decrease in the mobility of
the particles. The probable cause of increase
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in the viscosity of the suspension is floccu-
lation, i.e. adhesion of the individual parti-
cles to each other in the presence of the
surfactants. Fig. 2 shows morphology of the
agglomerated particles in the aerosil sus-
pension without surfactant, and flocculated
ones in the presence of the surfactants. The
flocculation mechanism is that the surfac-
tant contained OH groups adsorb on the
aerosil particles with forming the hydrogen
bonding between the hydroxyl groups of the
polymer molecule and SiOH groups on the
aerosil surface. Since the length of the poly-
mer molecules, much more than of the
aerosil particles, one polymer molecule can
be attached to two different particles of
aerosil generated bridge bonds. The floccu-
lation can also be resulted in clumping the
hydrophobic parts of the surfactant mole-
cules surrounding the different particles of
aerosil [10].

The increase of the suspension pH cause
the viscosity decrease, which at above pH 8
is stabilized at the value of ~2.3-2.5 cP
(Fig. 3). This is probably due to that the
adsorption of the surfactant is maximal at
the isoelectric point of aerosil (pH 2-3 [11])
and decreases with the pH inereasing attrib-
uted to raise negative charge on the aerosil-
particles surface. Thus, the presence of
negative charge on the particle surface re-
sults in the particle deflocculation. The low-
ering viscosity improves the rheological
properties of the suspension, and facilitates
its mixing in the polishing bath.

The criteria for evaluating the CMP ef-
fectiveness are the high removal rate of
sapphire, ability to achieve roughness in the
range of 0.2-0.4 nm, and high optical qual-
ity of the polished surface. In order to de-
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Fig. 3. Dependence of viscosity of the polish-
ing suspension on pH.

2,0

termine pH range of the suspension, which
is optimal for polishing of each crystal-
lographic sapphire plane, the removal rate
was measured simultaneously with the sur-
face roughness R, (Fig. 4). It was deter-
mined that for the sample with the orienta-
tion (0001) the roughness R, 0.2-0.4 nm is
achieved throughout the whole pH range,
and the removal rate at pH 4.5-7.5 is high-
est. Consequently, for the orientation
(0001) usage of the polishing suspension
with pH 4.5-7.5 is the most effective, for
the plane (10T2) the most optimal polishing
suspension possess pH 6.5-9.5, and for the
plane (1020) is better to use the suspension
with pH 7.5-9.5. It was established that the
surface roughness of all samples is homoge-
neous with tolerance measured in the center
and in the periphery not more than 0.1 nm.

The high optical quality of the all sam-
ples surface, which corresponded to optical
cleanliness class 20/10 standard USA MIL O
13830, was achieved. Figure 5 shows the
AFM image and surface profilograms of the
samples with the crystallographic orienta-
tion of the surface (10T2) and (0001).
Scratches and other surface defects are no
revealed. In the AFM image of sapphire ori-
entation (0001) the terrace-step surface
structure observed due to outcrops of oxy-
gen sublattices of the sapphire crystal cell.
Such a structure can be formed on the
ultra-smooth vicinal crystal surface while
the surface roughness is comparable in mag-
nitude with the distance between adjacent
sublattices [12, 13]. Formation of the ter-
raced-step structure on the surface (0001)
confirms obtaining the surface roughness
with value closed to the distance between
the oxygen sublattice in the direction
[0001]. Since the unit cell parameter of sap-
phire in [0001] is ¢ = 1.300 nm, therefore
the minimum distance between the close-
packed oxygen layers of sapphire will be
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Fig. 4. Dependences of removal rate and
roughness R, in the center and in the periph-
ery of the sample after CMP on pH of the
polishing suspension for different crystal-
lographic orientations of the sapphire surface.

¢/6 = 0.22 nm, which is consistent with the
results of the AFM (Fig. 5b).

4. Conclusions

The conditions for the optimum balance
among the degree of agglomeration of
aerosil in the polishing suspension, removal
rate, and the quality of the polished sap-
phire surface under usage of the polishing
suspension contained surfactants at differ-
ent pH were determined. It was shown that,
addition of surfactants with hydroxyl
groups to the aqueous suspension of aerosil
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Fig. 5. AFM images and profilograms of the sapphire surface after CMP for crystallographic

orientation (a) (10T2), (b) (0001).

resulted in flocculation of SiO, particles.
Viscosity of the suspension decreases with
increasing pH. It was established that the
optimum conditions of CMP depend on the
crystallographic orientation of the sapphire
surface. To obtain surface roughness R,
0.2-0.4 nm for orientation (0001) the pol-
ishing preferably have to carried out at pH
4.5-7.5, for plane (10T2) — at pH 6.5-9.5,
and for plane (11Z0) — at pH 7.5-9.5. The
terraced-step surface structure was obtained
on the surface with orientation (0001). The
quality of the polished surface corresponds
to the optical purity class 20/10-40/20
standards USA MIL O 13830.
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