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Demand for sapphire wafer has increased with growth of LED market. Chemical mechanical polishing (CMP) comprises a large part

of wafering cost since the CMP process requires approximately 3-6 hours. For longer polishing times, the cost of consumables (COC)

in CMP increases the total wafering cost; hence, considerable efforts have been made to decrease the polishing time of sapphire

wafers to reduce the COC. There are two main approaches to reduce polishing time: controlling the chemical factor and adjusting

the mechanical factor. Controlling the chemical factor is a common approach to manipulating the removal rate and roughness.

However, it is hard to control the chemical factor. Instead, this study investigates the effects of various mechanical factors. This paper

focuses on the effect of high-pressure CMP on the material removal performance; the maximum applied pressure is ~800 g/cm2. The

removal rate increases linearly with gradual increase of CMP pressure to 800 g/cm2. Finally, the effect of high pressure on the

removal rate of, and frictional force on, sapphire wafer during CMP using different sized abrasives is investigated; the effect of the

abrasives on the removal rate is likewise analyzed at different pressures.
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1. Introduction

LEDs are one of the most sustainable lighting sources because they

have much longer lifespans and they consume less energy than other

lighting sources. The application of LEDs is rapidly expanding to broad

industrial fields such as monitors, lamps, televisions, mobile phones,

etc. As a result, it is of interest to reduce the manufacturing cost in

order to lower LED prices.

GaN is a very important thin film material, which produces blue light

in an LED. A sapphire substrate is required to grow the GaN thin film

because its lattice constant is well matched to that of GaN.1-3

Manufacturing the sapphire substrate is difficult since sapphire is hard,

brittle and chemically stable.4-6 Wire saw, lapping, Diamond Mechanical

Polishing (DMP), Chemical mechanical polishing (CMP) are proceeded

sequentially as wafering manufacturing process. Sapphire ingot is cut to

substrate by wire saw, thickness of substrate is controlled by lapping,

thickness deviation is minimized by DMP, and surface condition is

improved by CMP. CMP is the most difficult among the sapphire

wafering processes because it requires approximately 3-6 hours of

processing time to remove subsurface damage and to achieve atomic

level roughness. This long polishing time for CMP strongly affects the

total wafering cost.7 Therefore, manufacturers are trying to reduce the

polishing time by increasing the removal rate. Most approaches have

been chemical, such as adjusting the pH, adding chemical agents, etc.;

these chemical approaches have limitations, however, due to the

chemical stability of sapphire. On the other hand, the removal rate could

be increased more effectively by changing the mechanical factors using

Preston’s equation. The main mechanical factors in sapphire wafer CMP

are the pressure, the relative velocity, and the abrasive used.

C-plane sapphire substrates react with strong alkaline and acid base

slurries. However, these slurries are not generally used because they are

very dangerous for CMP. Furthermore, the other plane-oriented

NOMENCLATURE

V = the total removal amount 

k = process variables

∆A = contact area of an abrasive with substrate

l = the moving distance of an abrasive on a surface

n = the number of active abrasives
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sapphire substrates do not chemically react with these slurries7 so it is

difficult to find pH, against chemicals for CMP of sapphire; currently,

additional chemical agents have been developed hardly.

Pressure is one of the easiest mechanical factors to control in

sapphire wafer CMP. In general condition, the removal rate is nearly

1 um/h. The removal rate increases linearly with pressure according to

Preston’s equation; the surface condition after polishing is also good

enough to use the wafer as a substrate for growing GaN.

The removal rate and surface condition of sapphire wafer can be

improved by adjusting the size of the abrasive used in CMP. Lu has

previously examined how particle size influences the removal rate and

surface condition of copper and tantalum;8 it was found that the most

important factor is that the particles be monodisperse and round.

Building on this, the present study finds that the removal rate increases

linearly with the abrasive size, except if the particles are not

monodisperse and round, in which case the removal rate is not stable. 

Similarly, the relative velocity affects the removal rate. Up to a

certain threshold, increasing the relative velocity increases the removal

rate, while past this threshold, the removal rate begins to decrease.9 The

optimum relative velocity depends on the pressure and the polishing

slurry viscosity. As has been previously noted,10 the decrease in the

removal rate above the optimum relative velocity may be caused by a

hydrodynamic effect that results in a poorer mechanical contact

between the sapphire and the polishing pad.

Optimizing the mechanical factors is needed in order to improve

the efficiency of sapphire wafer CMP. Drawing from previous

studies, the two most important factors are the abrasive size and the

pressure. Understanding the characteristics of each parameter is

necessary to find the combination effect between pressure and

particle size in sapphire CMP. The present study investigates the

effects of these two mechanical factors on the removal rate and the

frictional force.

2. Experimental Conditions

2.1 Removal Test

Since various mechanical factors significantly change the CMP

characteristics,8-14 it is prudent to investigate how the pressure, and the

size and number density of the abrasive affect the removal rate. In the

present study, the removal rate is evaluated with abrasive sizes of 40 nm,

72 nm, and 82.5 nm, under pressures of 400 g/cm2 and 800 g/cm2. Table 1

shows the conditions used in this study for sapphire wafer CMP; every

experiment was repeated five times to improve accuracy.

2.2 Friction Test

Brittle sapphire is likely to be removed in the ductile mode due to

nano-sized abrasives: when abrasives contact the surface and an

external force is applied, a force is generated between the surface and

abrasives.15,16 This is a frictional force. Furthermore, this mechanism is

a principal source of friction and can explain why the removal rate

increases with the frictional force. Fig. 1 shows a schematic of the

experimental setup of CMP and friction force, which was also used to

conduct the friction test: the frictional force can be measured via

minute movements of the head.

As the number of abrasives increases, the contact between the

surface and the abrasives also increases. Similarly, as the size of the

abrasives increases, the contact area between the surface and the

abrasives increases. Consequently, increasing the size and number of

the abrasives will cause the frictional force to increase.

In the friction experiment, the variation of the frictional force with

changes in the pressure and abrasive size was evaluated using the

same number of abrasives. The experimental conditions for the

friction experiment are listed in Table 2, with the other unlisted

conditions being the same as those listed in Table 1. Since the

parameters in Table 2 are suitable for measuring the frictional force,

the time, slurry flow rate and rotation speed were all decreased and

a 4-inch wafer was used. These experiments were also repeated five

times to improve accuracy.

2.3 Abrasive

The slurry used in this experiment had a pH of 9.8 and was

composed of colloidal silica. Fig. 2 shows the distributions of three

different slurries with mean abrasive sizes of 40 nm, 72 nm and

82.5 nm. Fig. 3 shows transmission electron microscope (TEM) images

of the abrasives in the three slurries. The abrasive sizes are measured

Fig. 1 Schematic diagram of CMP friction test

Table 1 Experimental conditions of CMP test

Parameters Conditions
CMP machine Desktop polisher

Slurry
Colloidal silica slurry 

(COMPOL, FUJIMI Corporation, pH9.8)
Abrasive size 40 nm, 72 nm, 82.5 nm

Pressure 400 g/cm2, 800 g/cm2

CMP conditions Platen rotation : 120 rpm
Slurry flow rate 400 ml/min
Polishing pad Nonwoven polyurethane pad
Polishing time 30 minutes

Wafer Epi-ready 2 inch sapphire wafer

Table 2 Experimental conditions of friction test

Parameters Conditions
CMP machine POLI-400 (GnP Technology, Korea)

Pressure 200 g/cm2, 400 g/cm2, 600 g/cm2, 800 g/cm2

CMP conditions
Platen rotation : 93 rpm
Head rotation : 87 rpm

Slurry flow rate 250 ml/min
Polishing time 3 minutes

Wafer Epi-ready 4 inch sapphire wafer
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with the TEM, while the distribution is measured using a Particle Size

Distribution (PSD, DLS-7000, Otsuka Electronics Co., Ltd.) device.

The PSD device what we used is not precise enough to measure the

abrasive size (it usually measures larger than actual size) but rather

it is used to determine whether the abrasive is monodisperse. The

particle sizes measured with the TEM were consistent with the

quoted information from the COMPOL (FUJIMI Corporation). The

slurries all had the same number and volume distribution of

abrasives. The abrasives at sizes of 40 nm and 72 nm were almost

round and regular, and were monodisperse, as confirmed by the

TEM and the PSD device. However, the slurry with abrasives at a

size of 82.5 nm con tained considerable variation in particle size,

which was not very well captured in the abrasive size distribution

analysis. Furthermore, the large size abrasives had quite irregular

shapes, as seen in Fig. 3.

3. Experimental Results and Discussion

3.1 Effect of Abrasive Size

In order to investigate the effect of the abrasive size on the removal rate

and the frictional force, each of the slurries were diluted with de-ionized

water to achieve slurries with the same particle number concentration. The

number of abrasives was estimated using the density and particle size. The

number of particles per unit volume for the 82.5 nm slurry was the lowest

of the three at 7.9×1014 cm-3. Therefore, the remaining two slurries were

diluted to the same particle number density. 

Fig. 4 shows that the frictional force is linearly proportional to the

applied pressure and that the removal rate increases with increasing

abrasive size. Note that the 82.5 nm slurry has a relatively low removal rate

and high frictional force, which is likely due to the irregular shapes and

Fig. 2 Distrivution of silica slurry: (a) Number and (b) Volume

Fig. 3 TEM images (×20,000 magnification) of slurries with the indicated abrasive sizes

Fig. 4 Effect of abrasive size (with constant number of avrasices) on

the (a) Frictional force and (b) Removal rate
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large variation in particle sizes. Since the actual contact area might increase

linearly with the pressure, the probability of contact between any given

abrasive and the wafer would likewise increase.17 As a result, the abrasive

size does not show any specific tendency with respect to the pressure.

Lu has similarly found that the removal rate increase when the abrasive

size increases.8 The current experiment confirms this finding with the

added constraint that the number of abrasives per unit volume is constant.

According to indentation theory and contact mechanics, the total

removal amount, V, is proportional to the total contact area of the

abrasive, ∆A, the moving distance across the surface, l, and the number

of active abrasives, n (particles participating in the CMP process); Fig.

5 shows a schematic diagram of these relationships.18 For a constant of

proportionality, k, this relationship can be expressed by the equation

(1)

The total contact area depends on the indentation depth; when the

number of particles increases, the pressure applied per abrasive

decreases,19 resulting in a shallower depth of indentation. The contact

area of each abrasive thus decreases with increasing particle number

concentration, along with the volume removed by each.

The principal abrasive factor is then the total contact area of all of the

abrasives: ∆A·n. The contact area of a single abrasive can be varied by

changing the abrasive size. Therefore, an optimal removal rate relies on a

combination of the abrasive size and the number of abrasives. Furthermore,

the mechanical effect of a particular slurry can be calculated using Eq. (1).

The pressure in CMP alters the contact area and the contact pressure

between the pad and substrate.17 This, in turn, affects the contact area

of the abrasives. Therefore, the removal rate always increases with

increasing pressure, regardless of the abrasive size and density, because

the specific surface area increases.

The results from the 82.5 nm slurry show that if the particles are not

monodisperse and irregularly shaped, the effect on the removal rate changes

dramatically. If the size difference between big and small particles is large,

there will generally be more particles participating in the polishing, so the

removal rate will increase. However, for the slurry used in this experiment

the abrasive size formed a wide distribution, allowing the abrasives to

disturb each other and causing some of the abrasives not to participate in the

polishing. This manifested as a decrease in the removal rate.20

3.2 Effect of Abrasive Concentration

In order to understand the dependence of the removal rate on the

abrasive concentration, the 40 nm slurry was diluted to particle number

concentrations of 7.9×1014 cm-3 at 6 wt% and 6.9×1015 cm-3 at 40 wt%.

Fig. 6 shows that the removal rate increases with increasing

concentration of the 40 nm slurry. These results show that the removal

rate always increases with the pressure; this is further related to the

abrasive concentration, which makes high concentration slurries useful

even in high-pressure CMP.

3.3 Removal Rate in Different Abrasive Size

Fig. 7 shows that the removal rate decreases as the abrasive size

increases, keeping the weight percent of abrasives in the slurry

constant. The number of abrasive particles must therefore increase

when the abrasive size decreases; the maximum number of abrasives in

slurry is dictated by the particle masses. Although the size and number

V K A l⋅∆( ) n⋅ ⋅=

Fig. 5 Schematic diagram of abrasive

Fig. 6 Remocal rate with weight percent (abrasice size 40 nm)

Fig. 7 Removal rate by abrasives with the same seight concentration

Fig. 8 Removal rate by abrasives with the same specific surface area
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of abrasives are important factors in sapphire wafer CMP, the specific

surface area is a convenient parameter because it considers both factors

simultaneously. The removal rate is strongly affected by the specific

surface area (33 m2/g), as shown in Fig. 8. For the 40 nm and 72 nm

slurries, the removal rate is nearly constant, while the removal rate for

the 82.5 nm slurry decreases significantly. These experiments suggest

that the removal rate is strongly affected by the specific surface area.

4. Conclusions

1. There has also been a considerable amount of research on the effect

of abrasive size in CMP. However, this is the first time that both the

abrasive effect in sapphire wafer CMP and the effect of high pressure on

the abrasive effect have been studied. The removal rates at various abrasive

sizes are found to be similar to other kinds of wafers, e.g., when the

abrasive size is large, the removal rate is also high. In this paper, the most

important mechanical abrasive factor is found to be the specific surface

area; the abrasive size and concentration in the slurry can be selected to

optimize the removal rate. This optimum abrasive specific surface area is

always same even though pressure is changed. Therefore, optimal pressure

for reducing the polishing time for sapphire wafer CMP, and consequently

the COC, can be determined regardless of the abrasive size used.

2. Surface roughness is another factor of concern in sapphire wafer

CMP because it disturbs the growth of GaN on the substrate. In high-

pressure CMP, the surface roughness only increases by a very small

amount, but there is the possibility of a scratch forming; if a scratch is

not formed, the substrate can be used for epitaxy. However, it is

difficult to know whether a scratch is forming during the CMP process

and it is not known how to better control for scratch formation,; more

research into high-pressure CMP is needed to address these issues.

However, it is known that the abrasive size does not influence the

surface condition in this experiment.

3. There has been a considerable amount of research on non-

monodisperse and irregular abrasives, but the mechanism acting between

the abrasive and the sample is not well understood. Therefore, it would be

interesting to further study non-monodisperse and irregular abrasives to

gain some insight.
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