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Abstract: The effect of magnetic compound fluid (MCF) slurry on the gallium arsenide (GaAs) wafer surface after nano-precision
polishing was investigated. MCF slurry was prepared by mixing CS carbonyl iron particles (CIPs), ALO, abrasive particles,
a-cellulose, and magnetic fluid. Firstly, a polishing device was assembled by designing MCF unit for the generation of revolving
magnetic field. Then, the spot polishing experiments were performed on GaAs wafer surface to clarify the effects of MCF components
on the surface roughness R, and material removal (MR) at different polishing positions. Finally, the scanning polishing experiments
were conducted using water-based MCF slurry containing particles with different diameters. Results show that after spot polishing
with water-based and oil-based MCFs, the initial surface roughness R, of 954.07 nm decreases to 1.02 and 20.06 nm, respectively.
Additionally, the depth of MR is increased linearly with prolonging the polishing time. It is worth noting that the MR depth of surface
after polishing with water-based MCF is 2.5 times higher than that with oil-based MCF. Meanwhile, the cross-section profile of the
polished zone shows the W shape, which indicates the non-uniform MR on the workpiece surface after spot polishing. After scanning
polishing, the cross-section profile of the polished zone shows the U shape, which indicates that MR is uniform under specific
experiment conditions, regardless of the MCF types. The smoothest work surface with R =0.82 nm is achieved using MCF with
abrasive particles of 0.3 um in diameter, and MR rate is 13.5 pm/h.
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Gallium arsenide (GaAs) wafer is one of the most important
compound semiconductor materials due to its high electron
mobility and low power consumption™. GaAs devices are
mainly used in the field of microelectronics and solar
energy™. In addition, GaAs wafer has great potential in both
civil and military applications. To ensure the performance of
GaAs wafer, the thickness and surface roughness need to
satisfy the stringent requirements. When GaAs wafer is
prepared by a single crystal, a surface damaged layer will be
introduced onto the machined surface, which directly affects
the stability of GaAs wafer” . To remove the damaged layer
on the wafer surface, precise treatment of GaAs wafer is
crucial. It is clear that the final process, namely polishing, is
essential for requirement satisfaction. However, the excellent
performance of GaAs wafer depends on not only the ultra-
precision surface roughness, but also on the accurate
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thickness. Therefore, lapping is commonly used to achieve
rapid material removal (MR). However, the damaged layer on
the wafer surface cannot be completely removed after lapping.
Thus, chemical etching is applied afterwards to remove the
unqualified layer. Finally, the chemical mechanical polishing
is used to remove the sub-surface damaged layer and to obtain
the required ultra-smooth surface. MR rate (MRR) is normally
investigated through the chemical mechanical polishing of
GaAs using solutions of H,0O, and silica slurries containing
H,0,”. The polishing parameters, such as polishing pressure,
rotational speed, and fluid volume, are optimized to improve
the polishing efficiency and surface quality by quantitative
analysis method. The mechanisms of deformation and MR of
GaAs wafers have been researched by molecular dynamics™.
It is found that MR on GaAs surface is caused by the
dynamical formation and break of interfacial chemical
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bonds". Those researches mainly focus on the optimization of
polishing process, whereas the problems such as complex
steps and long polishing time in traditional process are still
unsolved. Hence, a novel method to achieve ultra-precision
surface roughness is in urgent need.

Novel methods for ultra-precision surface polishing have
been developed and ameliorated continuously, such as the
magnetic field-assisted polishing, which uses magnetic fluid
(MF) or magnetorheological fluid (MRF) as the base
component of slurry. For example, the surface quality of a flat
polypropylene workpiece can be significantly improved by
MF polishing method®. A novel MR finishing tool is
proposed to smoothen the flat surface of magnetic steel. After
finishing process for 120 min, the final surface roughness of R,
=19.7 nm can be obtained”. SKD11 material was polished by
MRF and the optimal surface roughness is 1 um!”. The
ferromagnetic surface can be finished by new magnetic
abrasive method"". These researches all demonstrate that
magnetic field-assisted polishing using MRF or MF shows
great potential. However, under a given magnetic field, the
particle distribution is less stable in MRF slurry than that in
MEF slurry, the magnetic pressure and apparent viscosity of
MREF slurry are higher than those of the MF slurry, whereas
the clusters are larger in MF than those in MRF slurry, leading
to unstable performance in surface finishing process.

In order to overcome these problems and to maintain the
excellent performance of MF and MRF slurries, a novel
magnetic compound fluid (MCF) slurry is proposed™”. It is
prepared by mixing micrometer-sized carbonyl iron powders
(CIPs), abrasive particles, and a-cellulose into MF slurry con-
taining nanometer-sized magnetite particles. The slurry is
transformed rapidly and reversibly from Newtonian fluid to
Bingham fluid under the external magnetic fields™ . In
addition, the behavior of magnetic particles within the as-
prepared slurry can be regulated by the applied magnetic field,
and MCF slurry shows excellent viscosity with better
distribution of particles at the fluid state. The magnetic
particles under the external magnetic fields are magnetized,
thus forming a multitude of chain structures along the
magnetic lines of force. Besides, the chain structures and the
abrasive particles together form some stronger magnetic
brushes!”. Once a relative motion is applied between MCF
slurry and wafer surface, a micro-cutting force is imposed
onto the wafer surface owing to the induced friction between
the abrasive particles and wafer surface!"®. Afterwards, the
redundant material on the workpiece surface is removed
slowly to obtain the ultra-smooth surface by micro-cutting
action of the abrasive particles in MCF slurry. This novel
slurry has been widely employed to finish various materials,
such as oxygen-free copper, polymethyl methacrylate
and Ni-P-plated STAVAX steel in
engineering applications'” . However, the GaAs wafer as the

methacrylic  acid,

hard and brittle material is barely polished by the this novel
MCEF slurry.

In this research, an effective polishing technique for the
surface finishing of GaAs

nano-precision wafer was

investigated. The finishing feasibility of GaAs wafer by MCF
slurry was verified. The effects of MCF slurry composition
and scanning path on the material removal were discussed.
The surface roughness of the workpiece at different positions
in the polishing area was analyzed.

1 Polishing Principle

Fig. 1 shows the schematic diagram of MCF polishing
principle. A rotary magnetic field is generated by rotating the
permanent magnet at specific speed (n,,), which is attached to
the lower surface of magnet holder with an eccentricity of . A
certain amount of slurry is sprayed on the lower surface of
MCEF slurry carrier at the speed of n_, which has the opposite
direction to that of n_. As shown in the right side of Fig.1, the
chain-shaped magnetic clusters composed of micron-sized
CIPs and nanometer-sized magnetite particles are formed
along the magnetic lines of force immediately. Meanwhile, the
abrasive particles are entrapped into the clusters or distributed
between clusters, and then the «a-cellulose fibers interweave
with the clusters. A large number of abrasive particles move
towards the workpiece under the combined action of the
magnetic levitation force and the gravity. In addition, the
cluster structure is strengthened by the a-cellulose fibers. The
micro-cutting action of abrasive particles occurs to remove
materials when the kinetic abrasive particles move on the
wafer surface owing to the induced friction, leading to the
smooth surface.

2 Experiment

According to the MCF polishing principle, an experiment
device was designed and assembled, as shown in Fig.2. The
MCF carrier in polishing unit was prepared by aluminum
plank and it was driven by a belt through motor 2. A
cylindrical magnet (@18 mmx10 mm, 0.4 T) with eccentricity
=4.5 mm was attached to the lower surface of magnet holder,
which was controlled by motor 1. A dynamic revolving
magnetic field was generated when the permanent magnet
rotated with the magnet holder. Furthermore, the working gap
between the workpiece and MCF carrier could be determined
by adjusting Z-axis.

Table 1 shows the experiment parameters of MCF polishing

MCF slurry carrier
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Magnet eccentricity |
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Fig.1 Schematic diagram of MCF polishing process
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Fig.2 Appearance of experiment device

Table 1 Experiment parameters of MCF polishing process with

GaAs wafer as workpiece

Parameter Value

Dimension of Nd-Fe-B magnet @18 mmx10 mm

Magnet eccentricity, 7/mm 4.5
MCF carrier rotational speed, ,/r'min”' 800
Magnet revolution speed, n, /r'min”’ 1000
MCEF slurry volume, V/mL 0.5
Working gap, A/mm 0.5

Polishing time, #/min 60, 120

process. A small working gap A=0.5 mm was employed, con-
sidering that the gallium arsenide wafer is a hard and brittle
material. Because of the small machining gap, the filling
volume of MCF slurry was 0.5 mL, and the new MCF was
replaced after continuous polishing for 5 min to ensure that
the MCF was at good polishing state. In this research, oil-
based”™ and water-based MCF slurries were prepared, as
shown in Table 2, to investigate the effects of MCF slurry
composition on the surface roughness R, and MR. Four types
of MCF slurries were prepared, and they were named as
MCF1, MCF2, MCF3, and MCF4. After polishing, the wafer
surface was washed by distilled water firstly, and then the
surface was ultrasonically cleaned. Finally, the wafer surface
was dried by compressed air rapidly. The cross section of the
polished zone was observed by the surface profile (Talysurf

Table 2 Composition of oil-based and water-based MCF slurries

(Wt%)

Material Approximate size/um MCF1 MCF2 MCF3 MCF4
Oil-based MF - 40 - - -
Water-based MF - - 40 40 40
CS CIPs 7 45 45 45 -
HQ CIPs 1 - - - 45
a-cellulose - 3 3 3 3
ALQ, abrasive 1 12 12 - 12
particles 0.3 - - 12 -

Intra by Taylor Hobson) to determine MR state. The surface
roughness was measured by the white-light interferometer
(Zygo Newview 600 frp, Zygo Corp).

3 Results and Discussion

3.1 Spot polishing

The schematic diagram of GaAs wafer after polishing by
MCF slurry for 60 min is shown in Fig.3. To explore the
distribution of surface roughness in the polishing area, the
surface roughness at five small areas (A, B, O, B’, A’) along
the central line was measured. Therefore, the average value
was defined as the polished surface roughness for the further
analysis.

Fig.4 shows the changes of surface roughness R, of GaAs
wafer after polishing by different MCF slurries for different
durations. It can be observed that the surface roughness is
decreased with increasing the polishing time, regardless of the
MCEF slurry type. It is worth noting that the surface roughness
decreases quickly at the initial 30 min and then it decreases
slowly. The surface roughness tends to be stable after MCF
polishing for 60 min. However, it still fluctuates, indicating
that the polished surface is uneven. Besides, the fluctuation
amplitude with MCF2 slurry is larger than that with MCF1
slurry. The surface roughness at five different areas after
polishing with MCF2 slurry is shown in Fig.5. It can be seen
that at the center of the polishing area (area O), the surface
roughness decreases to 200 nm after polishing for 120 min,
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Fig.3 Schematic diagram of workpiece after MCF polishing for 60
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Fig.4 Surface roughness R, of GaAs wafer after polishing by

different MCF slurries for different durations
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Fig.5 Surface roughness R, at different areas on GaAs wafer after

spot polishing by MCF?2 slurry for different durations

which is much larger than that of other areas. The surface
roughness of area B and area B'is quite small of 1.36 and 1.02
nm, respectively. The surface roughness of area A and area A’
(the edge of polishing area) is 15.5 and 12.2 nm, respectively,
which is about 10 times larger than that of area B. The surface
roughness of area O is 255.18 nm, which is 187 times higher
than that of area B.

The 3D images of wafer surface before and after polishing
are shown in Fig.6. The initial wafer surface is rough with R =
954.07 nm. After polishing for 120 min, smooth surfaces with
R=20.06 nm and R=1.02 nm can be obtained by polishing
with oil-based and water-based MCF slurries, respectively.
The results indicate that the water-based MCF slurry is more
suitable for GaAs wafer polishing. As shown in Fig. 6b, the
small convex particles can be observed on the wafer surface
after polishing by oil-based MCF slurry, resulting in the worse
surface roughness. The removal trace of abrasive particles is
obvious. The oil in MCF slurry decreases the friction
coefficient between the abrasive particles and wafer surface,
resulting in the smaller micro-cutting force on the GaAs
wafer. The convex particles can hardly be removed in a short
time. The GaAs wafer surface is smoother after polishing with
water-based MCF slurry, as shown in Fig. 6c. The minimum
surface roughness is 1.02 nm, which is much smaller than that
polished by MCF1 slurry.

The surface roughness is closely related to MR state of
workpiece surface. So the cross-sectional profile of polishing
area was observed to discuss the effect of MCF slurry on MR.
The cross-section profile and 3D structure of typical polished
area after polishing with MCF2 slurry for 30 min are shown in
Fig.7. It can be seen that the wafer surface before polishing is

Height/um a
S 62268

R =954.07 nm R =20.06 nm

flat, and the cross-section profile after polishing shows W
shape, suggesting that MR has the characteristic of symme-
trical distribution. MR begins at the edge of polishing area and
then deepens to reach the maximum value of 4.6 mm. After-
wards, MR becomes shallow again. Compared with Fig. 5,
it can be found that the more the material removes, the
smoother the surface, i.e., MR occurs more severely in area B
and area B’ and the surface roughness of those areas is
obviously lower. The maximum depth is used to reflect MR in
this research. The material of workpiece surface is removed
unevenly, resulting in the fluctuation of surface roughness
(Fig. 4) and various surface roughness at different areas
(Fig.5).

The MR depth variation of wafer surface after polishing by
MCF1 and MCF2 slurries is shown in Fig. 8. It can be
observed that MR depth is approximately linearly increased
with prolonging the polishing time. Additionally, MR depth
under MCF2 slurry condition is larger than that under MCF1
slurry condition. After polishing for 120 min, MR depth is
about 10 pum using MCF1 slurry containing oil-based MF,
whereas it is 25 pm using MCF2 slurry, which is 2.5 times
larger than that using MCF1 slurry. For the GaAs wafer
finishing, more MR and smoother surface can be obtained
using the water-based MCF slurry. However, after spot
polishing, MR in the polishing area is not uniform, which
seriously affects the flatness of the polished GaAs wafer. In
order to obtain more uniform MR, the scanning polishing was
further conducted.

3.2 MR under scanning polishing

MR is related to the friction coefficient, polishing pressure,
and relative velocity between abrasive particles in MCF slurry
and workpiece surface under the external magnetic field. The
friction coefficient between the abrasive particles and
workpiece surface is constant, whereas the polishing pressure
of MCEF slurry acting on the polishing area varies according to
the magnetic field intensity, which results in different
polishing pressures of particles. The relative velocity depends
on the rotational speed of magnet. In order to obtain the
uniform MR, the forces acting on single CIP and abrasive
particle under the magnetic field are analyzed, as shown in
Fig. 9. When MCF slurry containing abrasive particles is
under an external magnetic field, a magnetic levitation
force F,, is applied on abrasive particle. Besides, a
magnetic field force F,, is applied on CIP which is located
on the top of abrasive particle. Because CIP is at the
equilibrium state, an opposite force is applied on the single
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Fig.6 3D images of work surface before (a) and after spot polishing by MCF1 slurry (b) and MCF?2 slurry (c)
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Fig.8 MR depth of wafer surface after spot polishing by MCF1 and

MCEF2 slurries for different durations

abrasive particle. Therefore, the indentation on the workpiece
surface is generated by abrasive particle with magnetic
field force F,

p. and an opposite magnetic field force in z

direction - F,,. The embedding depth of abrasive particle
acting on the workpiece surface reflects MR in MCF
polishing process. Thus, MR can be obtained by Eq. (1), as

follows:
2F
H, = : (1)
nDAP(DAP Y D.?\P - Dlz)

where /1, is the Brinell hardness of the GaAs workpiece (7350
N/mm?), F, is the resultant force acting on an abrasive particle
under the magnetic field, D,, is the diameter of an abrasive
particle (1 pm), and D, is the diameter of formed indentation

by the action of abrasive particle on the workpiece surface.
According to Eq. (1), D, can be expressed by Eq. (2), as
follows:

D= /4FZ _4F? ®

"y (aD,H,)’

According to Fig.9, F, can be defined as follows:

F.="Fop.TFyp.. (3)

Then, the embedding depth of the abrasive particle acting
on the workpiece surface can be expressed as follows:

4= 5Dy~ D% - D7) )
where d, is the embedding depth of single abrasive particle
acting on the workpiece surface.

In the process of MCF polishing, CIPs in MCF fluid is
affected by the magnetic force, gravity, viscous resistance,
Van der Waals force, and buoyancy. As shown in Fig.9, among
these forces, magnetic force is the main factor affecting CIPs
in the polishing process. Therefore, the force on CIP is as
follows:

Fep = po(mV)H (5)
where u, is the permeability of vacuum; m is the magnetic
dipole moment of CIP; H is the magnetic field; V indicates the
Hamiltonian operator. CIP can be regarded as the magnetic
dipole owing to its extremely small size.

The value of m can be further determined by CIP volume
(Vep), CIP magnetic susceptibility (y,), CIP magnetic
permeability (x), vacuum permeability (z,), and magnetic field
H. The relationship equation is as follows:

= Vot H ©)

(:“ + 2/‘0)
Then, the coordinate system (x, y, z) is defined, as shown in

Fig.2. The Hamiltonian operator V is as follows:

d d d
V=—i+—j+—k
8xl ayJ 0z

@)
where i, j, and k are the unit vectors in the coordinate system.
Thus, the magnetic field vector can be obtained by Eq.(8), as
follows:

H=Hi+Hj+ Hk ®)
where H,, H,, and H, are the components of the magnetic field
in the x, y, and z directions, respectively.

Then, the forces on CIP is expressed as follows:

ingle CIP

ingle abrasive particle
/
»

Fig.9 Schematic diagram of forces acting on CIP and abrasive

particle under external magnetic field
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FCIP:FCIP-xi+FCIP-y.i+FCIP-zk )
with
— SVCIPXqué H (:)Hx +H aHx +H aHx (10)
CPr i+ 2u, T ox Y gy ? 0z
F — 3VCIPXm1u3 aH} +H (")H‘, +H aH}’ (11)
Ctp-y w+2u, * ox 7y ‘0z
3Vew Xkt 0H, 0H, 0H,
FCH’-z ,U+2,Uo H‘( x Hv ay Hz 9z (12)

where F,., Fyp,, and F,, are the components of magnetic
force in x, y, and z directions, respectively; 0H /dx, 0H /9y, and
0H_/dz are the gradient of H_in x, y, and z directions, respec-
tively; dH /dx, 9H /dy, and d H/dz are the gradient of H, in
x, y, and z directions, respectively; dH/dx, dH/dy, and 0H/dz
are the gradient of H_ in x, y, and z directions, respectively.

In fact, the single abrasive particle is also affected by many
other forces during the polishing process. Among them, the
magnetic levitation force is the primary factor affecting the
working particles, and the force on single abrasive particles is
as follows:

Fop =1tV o(MV)H (13)
where V,, is the volume of abrasive particle and M is the
magnetization intensity of the magnetic fluid. M can be
defined as follows:

M=y H (14)
where y’ is MCF magnetic susceptibility. Thus, the force on
single abrasive particle is as follows:

Frop=Fpp it Fup j+ Fpp. .k (15)
with
0H, oH 0H,
Foap .=~ WH—"+H—*+H—" 1
AP - x luUVAPXm( oy oy oz ) (16)
_ [ 0H, o 0H, o 0H,
Faney = ol o .o 7 o B (17)
, 0H, 0H., 0H,
FAP-Z_IL‘OVAPXm(HX x +H}ay+HZaZ) (18)
where F,, , F},., and F},, are the components of the magnetic

force in x, y, and z directions, respectively.
Substituting Eq.(12) and Eq.(18) into Eq.(3), the resultant
force in z direction on single abrasive particle can be obtained,

as follows:
2
— 3I/CIPXmluO +,u0VApX, H aI—Iz_,’_l_[ aH: +H aHz (19)
: w+2u, " T ax 7y ? oz

In addition, the number of abrasive particles per circle can

be defined, as follows:
_ 2mr, 3

N D, x 10 (20)
where 7_is the radius of the active abrasive particle during the
polishing process.

MCEF process can remove a very small amount of material
by penetration and rotation of abrasive particles on the wafer
surface. The MR depth by abrasive particles is equal to the
product of indentation depth of abrasive particles and
finishing length. Thus, the MR depth (d,,;) is calculated, as
follows:

nc
60
where n_ is the rotational speed of the permanent magnet.
MR depth can be obtained from Eq.(2), Eq.(4), and Eq.(19—
21), as follows:
3Vew Xmtto

d =7J" n,r.m
MR 0 180H,, |+ 2u,
X( oH. OH., oH.

H—=+H +H—
Y ox Y ? 0z

dye :J'OdiN dt @1

+ IuOVAPXr’n)
(22)

)dl roe(-11,11)

In this research, CIPs and abrasive particles are considered
as spherical particles with diameter of 7 and 1 pm and density
of 7.8x107 and 3.965x107 kg/m’, respectively. The Brinell
hardness of GaAs wafer is 7350 N/mm’. The vacuum
permeability g, is 4mx107 N/A’. CIP magnetic permeability u
is 5.03x107 N/A’. CIP magnetic susceptibility y, is 1x107.
MCF magnetic susceptibility y’ is 0.669. Substituting these
parameter values into Eq.(22), the theoretical curve of MR can
be obtained, and the results are shown in Fig.10.

It can be seen that the theoretical curve shows a W shape
after MCF polishing, which is consistent with the results of
polishing experiment. In addition, the values of the fitting
curve are slightly smaller than the experimental values,
because the influence of magnetic force on the single abrasive
particle is considered in the calculation in order to simplify
the model. In the simulation study, the flow behavior of MCF
is considered as laminar flow for simplification. In the tests,
the flow behavior of MCF is too complex to be directly
simulated, resulting in errors. As a result, MR on the
workpiece surface using MCF is related to not only the
polishing force, but also to the velocity of relative movement
between the abrasive particles in MCF slurry and the
workpiece surface. Therefore, the uniform MR can be
obtained by adjusting the polishing track, which changes the
polishing force and velocity of relative movement.

3.3 Scanning polishing

The water-based MCF slurry was used to polish the GaAs
wafer along the scanning path due to its better MR effect and
smoother surface, compared with the oil-based MCF slurry. In
order to obtain the uniform MR and fine surface roughness,
the selection of appropriate step length is crucial. Therefore,

—Theoretical curve — — — Fitted curve

Before After

12k L L L L
-10 -5 0 5 10

Distance/mm

Fig.10 Experimental and simulated MR depth of GaAs wafer

surface after polishing
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the step length should be less than 4.6 mm, which is the
maximum MR depth, according to the cross-section profile in
Fig.10.

The polishing unit moves along the polishing path, as
shown in Fig.11. It can be observed that the step length of the
polishing unit is set as 4.6 mm in both x-axis and y-axis
directions in order to achieve the optimal processing
efficiency. The motion speed is 1 mm/s, the polishing time is
60 min, and other polishing parameters are the same as those
experiment parameters in Table 1.

The experiment results of workpiece surface after scanning
polishing for 60 min are shown in Fig. 12. It can be clearly
seen that the cross-section profile of workpiece surface before
MCF scanning polishing is basically straight, indicating that
the workpiece surface is flat. The surface is kind of rough due
to the irregular burrs caused by the previous process. After
scanning polishing, the cross-section profile of workpiece
surface presents a U shape, regardless of the MCF slurry
types. Besides, the uncleared material in the center area after
spot polishing is removed after scanning polishing. As shown
in Fig. 12, MR of workpiece surface starts from the edge of
polishing area, gradually deepens to the maximum value, and
finally tends to stable at the other edge. It is worth noting that
the maximum MR depth of the polishing area is about 13.5
pum using the MCF2 slurry containing CIPs with diameter of 7
pum and abrasive particles with main diameter of 1 pm.
Meanwhile, the minimum MR depth is about 7.02 um using
the MCF4 slurry containing CIPs of 1 um in diameter and
abrasive particles of 1 um in diameter, which is only 52% of
that using MCF2 slurry. The MR depth is 9.69 um, using the
MCF4 slurry containing CIPs with diameter of 7 pum and
abrasive particles with the main diameter of 0.3 pm.
Therefore, the MR results indicate that the MCF slurry
containing particles with the same diameter has adverse effect
on MR. Additionally, the abrasive particles with larger size is
beneficial to remove material.

Fig. 13 shows the surface roughness at different areas on
GaAs wafer after scanning polishing by MCF3 slurry for
different durations. After scanning polishing for 60 min, the
surface quality in the polishing area greatly improves.
However, the surface roughness of area A and area A’ at the
edge of polishing area with less MR is obviously larger than
that of area B, area O, and area B’ with more MR. The surface

Fig.11 Schematic diagram of MCF polishing along scanning path
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Fig.12 Cross-section profile (a) and 3D structure (b) of typical
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Fig.13  Surface roughness R_ at different areas on GaAs wafer after

scanning polishing by MCF3 slurry for different durations

roughness of area B, area O, and area B’ is basically the same.
The optimal surface roughness is 0.82 nm at the center of
polishing area, whereas that area is rough after spot polishing
under the same experiment conditions. This phenomenon
indicates that all surface in the polishing area can be
smoothened by the scanning polishing. Fig. 14 exhibits the
surface morphologies at the center of polishing area with
different MCF slurries. Compared with the spot polishing
results (Fig.6), the surface roughness of GaAs wafer improves
by 85% after scanning polishing with MCF2 slurry.

After scanning polishing with different MCF slurries for 60
min, the surface roughness and MRR are shown in Fig. 15.
MRR is 13.5, 9.69, and 7.02 um/h using MCF2, MCF3, and
MCF4 slurries, respectively. The surface roughness decreases
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Fig.14 Surface morphologies at the center of polishing area after scanning polishing with MCF2 slurry (a), MCF3 slurry (b), and MCF4

slurry (c)
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Fig.15 Surface roughness (R,) and MR rate (MRR) after scanning
polishing for 60 min with different MCF slurries

obviously to several nanometers after polishing for 60 min.
The optimal surface roughness can be achieved using MCF3
slurry containing smaller abrasive particles, compared with
that using MCF2 and MCF4 slurries. This result suggests that
smaller abrasive particles are beneficial to smoothen the
surface. The specimen with MCF2 slurry has the highest
MRR, followed by MCF3 and MCF4 slurries, revealing that
bigger CIPs and abrasive particles are beneficial to rapidly
remove the material. Additionally, the same diameter of CIPs
and abrasive particles in MCF4 slurry is harmful to
simultaneously meet the requirements of high MR and low
surface roughness. It is worth noting that the surface is
obviously different using MCF4 slurry: the pits are shallow
and the polishing trace can still be observed. These
phenomena all indicate the inferior surface quality. Moreover,
the defect cannot be removed completely after polishing with
MCF4 slurry, and the surface roughness R, is 5.49 nm. This
research shows that the application of MCF slurry in the ultra-
precision polishing of hard and brittle materials is feasible.

4 Conclusions

1) GaAs wafer surface can be smoothened by the magnetic
compound fluid (MCF) slurry. Larger material removal and
smoother surface can be achieved through the water-based
MCF slurry, compared with the oil-based MCF slurry. The
cross-section profile of workpiece after spot polishing shows
the W shape, indicating that the material removal is uneven.
The material removal is increased linearly with prolonging the

polishing time.

2) The wafer surface after scanning polishing with water-
based MCF slurry shows the U shape. The optimal surface has
the roughness of 0.82 nm after spot polishing with the MCF
slurry containing smaller abrasive particles. Besides, the
maximum surface roughness is 5.49 nm after polishing with
the MCF slurry containing the carbonyl iron particles (CIPs)
and abrasive particles of the same diameter.

3) Bigger CIPs and abrasive particles are beneficial to
rapidly remove the material, whereas the same diameter of
CIPs and abrasive particles in MCF slurry is harmful to
simultaneously meet the requirements of high material
removal and low surface roughness. Compared with the spot
polishing results, the surface roughness of GaAs wafer
improves by 85% after scanning polishing using specific
slurry.

References

1 Sun Weizhong, Niu Xinhuan, Wang Haiyun et al. Rare Matel
Materials and Engineering[J], 2006, 35(10): 1544 (in Chinese)
2 Chen H C, Lin C C, Han H V et al. Solar Energy Materials and
Solar Cells[J], 2012, 104: 92
3 Englhard M, Klemp C, Behringer M et al. Joural of Applied
Physics[J], 2016, 120(4): 45301
4 Yi D, Li J, Cao J. Bulgarian Chemical Communications[J],
2017, 49(K1): 113
5 Matovu J B, Ong P, Leunissen L H A et al. ECS Journal of Solid
State Science and Technology[J], 2013, 2(11): 432
6 YiD,LilJ, Zhu P. Crystals[J], 2018, 8(8): 321
Yu B J, Gao J, Chen L. Wear[J], 2015, 330-331: 59
8 Tani Y, Kawata K, Nakayama K. CIRP Annals[J], 1984,
33(1): 217
9 Signgh A K, Jha S, Pandey P M. Materials and Manufacturing
Processes[J], 2012, 27(10): 1139
10 Kawakubo H, Tsuchiya K, Sato U. Journal of the Japan Society
for Abrasive Technology[J], 2010, 54(1): 31
11 Yin S, Shinmura T, Wang D. Key Engineering Materials[J],
2006, 304-305: 320
12 Shimmada K, Wu Y, Wong Y C. Journal of Magnetism and
Magnetic Materials[J], 2033, 262(2): 42
13 Shimada K, Toyohisa F, Oka H. Transactions of the Japan



Wang Youliang et al. / Rare Metal Materials and Engineering, 2024, 53(2):377-385 385

Society of Mechanical Engineers[J], 2001, 67(664): 3034 Technology[J], 2014, 214(11): 2759

14 Wu Y, Shimada K, Wong Y C. International Journal of 18 Wang Y L, Wu'Y B, Nomura M. Precision Engineering[J], 2016,
Machining and Machinability of Materials[J], 2009, 5(2-3): 232 45: 67

15 WuY, Wang Y, Fujimoto M et al. Journal of the Korean Society 19 Wang Y L, Wu'Y B, Nomura M. Precision Engineering[J], 2017,
of Manufacturing Technology Engineers[J], 2014, 23(6): 547 48:32

16 Shimada K, Akagami Y, Kamiyama S et al. Journal of 20 Zhao Zifen, Shao Huiping, Lin Tao et al. Rare Metal Materials
Intelligent Material Systems and Structures[J], 2002, 13(7): 405 and Engineering[J], 2016, 45(6): 1609 (in Chinese)

17 Guo HR, WuY B, Lu D et al. Journal of Materials Processing

HAME B SRR LR & R RS R R E

TAR' M, skE?
(1 M T RS YL TSR, HIR 220 730050)
2. ZINB TR Biitga taaRmoibn TS MR HERESLEE, Hil =M 730050)

O A TR SR (MCE RN (GaAs) & RN ZICITRI . 0 IRA CSHESMIRL (CIPs). ALO,
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