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Abstract – Copper chemical mechanical planarization (CMP) has become a key process in integrated circuit (IC)

technology. The results of copper CMP depend not only on the mechanical abrasion, but also on the slurry chem-

istry. The slurry used for Cu CMP is known to have greater chemical reactivity than mechanical material

removal. The Cu CMP slurry is composed of abrasive particles, an oxidizing agent, a complexing agent, and a

corrosion inhibitor. Citric acid can be used as the complexing agent in Cu CMP slurries, and is widely used for

post-CMP cleaning. Although many studies have investigated the effect of citric acid on Cu CMP, no studies

have yet been conducted on the interfacial friction characteristics and step height reduction in CMP patterns. In

this study, the effect of citric acid on the friction characteristics and step height reduction in a copper wafer with

varying pattern densities during CMP are investigated. The prepared slurry consists of citric acid (C6H8O7),

hydrogen peroxide (H2O2), and colloidal silica. The friction force is found to depend on the concentration of citric

acid in the copper CMP slurry. The step heights of the patterns decrease rapidly with decreasing citric acid con-

centration in the copper CMP slurry. The step height of the copper pattern decreases more slowly in high-density

regions than in low-density regions.
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1. Introduction

The general concept of metal CMP is based on

the balance between the mechanical abrasion and

chemical reaction [1]. First, the metal film reacts

with the oxidizer in CMP slurry to form a porous

metal oxide passivation film. The oxidized metal

film is hydrolyzed easily, and then is removed by

the mechanical force (friction) generated between

the polishing pad and abrasives. Complexing agent

complexes with the charged metal ions in the CMP

slurry to prevent re-deposition of metal ions. Based

on the metal CMP mechanism, copper CMP

slurries typically include an oxidizer, a complexing

agent, an abrasive, a corrosion inhibitor, and a pH

adjustor. At low pH, corrosion of copper is strong

and at high pH, selectivity of copper to dielectric

material are deteriorated [2]. A key element in the

choice of an oxidizer is the operational pH of the

oxidizer and the resultant metal oxide film.

Generally, hydrogen peroxide reacts with the copper

in an acidic slurry (pH 4) to generate Cu2+ ions

from the copper [3]. Complexing agents, as the

name implies, bind with charged species in the

solution or at the wafer interface. Organic acids

and inorganic acids such as amino acid and amine

are widely used as complexing agents [4]. Chen et

al. [5] reported that citric acid (C6H8O7) and

hydrogen peroxide (H2O2) synergistically promoted

the material removal in Cu CMP. Adding a
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substantial amount of H2O2 assisted the passivation

of copper at low citric acid concentration. The

citric acid participates in the increase of copper

dissolution by complexing the copper ions

dissolved in the slurry. Corrosion inhibitors have

been used to prevent the surface of copper from

oxidation to control the dissolution rate and

prevent dishing and erosion defects [6]. Abrasives

that abrade the wafer surface with the polishing

pad are necessary to perform conventional CMP.

Factors such as abrasive size, concentration,

hardness, and dispersibility affect CMP

performances [7].

CMP is a synergetic process consisting of

chemical reaction and mechanical abrasion. To

understand CMP mechanisms, many researchers

have been focused on the chemical reaction of

copper CMP. Nowadays the efforts of

understanding the mechanical abrasion in copper

CMP have been needed because the technology for

the reduction of stress during CMP has been

required to prevent the delamination of film during

CMP in the Cu/Low-k damascene process. Liang

et al. [8] investigated that the relationship between

metal oxide films and friction during copper CMP.

According to their report, the friction force of

Cu2O was higher than that of CuO. Ishikawa et

al. [9] revealed that the material removal rate

changed abruptly with respect to the friction force.

The transitional friction force could be controlled

by the concentration of the chelating agent

(glycine). However, more researches on the

frictional characteristic with slurry chemistry will

be needed to understand the mechanism of Cu

CMP.

Studies on pattern effect have been focused on

the effects of pattern density and line width on

step height, dishing, and erosion. Fu et al. [10]

established a model for dishing and step height

reduction. Dishing increases with over-polishing

time and line width, and step height reduces with

polishing time. Gorantla et al. [11] reported that

low density structures have a more pronounced

effect on pad activation than high density

structures in dielectric CMP. Wu et al. [12]

discussed that high pad stiffness and high down-

force would improve the step height removal rate

at the beginning of the polishing period. All the

researches mentioned above focused on the

geometrical aspect of the patterns on the wafer.

However, in Cu CMP, the slurry chemistry

strongly affects CMP results. Therefore, slurry

chemistry must be considered to understand copper

CMP. Nguyen et al. [13] studied the dishing

behavior of copper lines, such as dishing and

feature size, pattern density, over-polishing time,

thickness of the as-deposited copper layer and

hydrogen peroxide in copper CMP slurry.

According to Nguyen’s experiment, dishing amount

is inversely proportional to the oxidizer

concentration.

From these points of view, we investigated the

effect of citric acid used as a complexing agent

on friction force and step height reduction in

copper CMP.

2. Experimental

2-1. Etch rate measurement

Electroplated copper blanket wafers, which were

cut into 30 mm by 30 mm coupons, were used

to measure the static etch rate. The prepared

coupon wafers were immersed in three different

copper CMP slurries for 5 minutes. The etch tests

were carried out with 800 ml of slurry. After

rinsing with DIW and drying with nitrogen gas,

the static etch rate was measured by a four-point

probe (Changmin Tech. Korea). SEM (scanning

electron microscope; HITACHI S-4200) was used

to observe the etched surface. X-ray photoelectron

spectroscopy (XPS) was employed to examine the

effect of citric acid on the surface chemistry.

2-2. Polishing condition and consumables

GNP POLI500 (G&P Technology), a rotational

type of polisher using air pressure was used for
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experiments. The prepared slurry consisted of

hydrogen peroxide, citric acid, and colloidal silica

abrasive. Hydrogen peroxide and citric acid were

used as the oxidizer and complexing agent,

respectively. Colloidal silica had 30nm of mean

particle size. The pH of the slurry mixture was

kept constant at pH 4 by adding ammonium

hydroxide (NH4OH) or nitric acid (HNO3) in small

amounts. Prior to the pattern test, 4-inch

electroplated copper wafers were polished to verify

the effect of citric acid on the material removal

rate. Before and after polishing, the thickness of

the Cu film was measured by a four-point probe.

The polish condition was a pressure of 300 g/cm2

and head and platen rotational velocity of 80 rpm.

Specific experimental condition is listed in Table 1.

2-3. Friction force and temperature measurement

In this paper, we used a CMP monitoring

system [14,15]. A piezoelectric sensor is imbedded

on the back of the polishing head. The electric

signals achieved by the piezoelectric sensor are

amplified and converted with a charge amplifier

and an A/D converter. An infrared (IR) sensor is

positioned at the trailing-edge of polishing head.

CMP analysis software displays the friction force

signals and the temperature signals on a computer

monitor during the CMP process.

2-4. Pattern wafer preparation and measurement

Before pattern CMP, 40 mm × 40 mm coupon

wafers were prepared. Polishing condition was a

pressure of 300 g/cm2 and head and table

rotational velocity of 80 rpm. Prior to every run,

a copper dummy wafer was polished for 60

seconds, and pad conditioning was done using a

diamond conditioner. We focused on 10 µm/90 µm

(100 µm pitch, 10% density), 50 µm/50 µm (100

µm pitch, 50% density), and 90 µm/10 µm (100

µm pitch, 90% density) patterns in the test wafer.

The initial step heights of the selected patterns

were measured by NanoView (Nanosystem), which

is the non-contact 3D surface profiler. To study

the effect of citric acid concentration on step

height reduction, each wafer was polished for 80

sec under various citric acid concentrations, and

the step heights were measured with the non-

contact 3D surface profiler. Table 1 shows specific

experimental conditions.

3. Results and Discussions

3-1. Static etch rate

To verify the chemical reaction between copper

and slurry, we conducted a static etching test for

different citric acid concentrations of the copper

CMP slurry. The static etch shows the material

removal of the down area indirectly. Fig. 1 shows

the static etch rate as a function of citric acid

concentration in the copper CMP slurry. Citric acid

used as a complexing agent binds with partially or

fully charged species in the solution or at the

wafer interface. The static etch rate of each

condition is 3.5 nm/min at 0.005 M citric acid,

10.3 nm/min at 0.01M citric acid, 25.6 nm/min at

0.03 M citric acid and 39.5 nm/min at 0.05 M

citric acid. If the citric acid concentration in slurry

increases, more charged copper ions bind with

citrate ions. Thus, the static etch rate increases

with the increase of citric acid concentration.

Fig. 2 shows the top view SEM images of a

static etched wafer surface. Fig. 2(a) is an as

Table 1. Experimental conditions

Parameters Condition or types

Polisher GNP POLI500

Pressure 300 g/cm2

Velocity H80 rpm / P80 rpm

Polishing pad IC1400

Slurry flow rate 150 ml/min

Temperature 23oC

Complexing agent Citric acid (C6H8O7)

Oxidizer H2O2 3vol%

Abrasive
Colloidal silica (mean particle

size: 30 nm): 3wt%

pH adjustor NH4OH, HNO3
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received copper wafer. Fig. 2(b), 2(c), and 2(d)

show copper wafers immersed in 0.005M citric

acid + DIW + H2O2 3vol% + colloidal silica

3wt%, 0.01 M citric acid + DIW + H2O2 3vol%

+ colloidal silica 3wt%, and 0.05M citric acid +

DIW + H2O2 3vol% + colloidal silica 3wt%,

respectively. The SEM images show that the

chemical etching at high concentration of citric

acid in the slurry occurred severely around the

grain boundary.

According to Fig. 3, the as-received copper

surface consists of Cu, CuO, Cu(OH)2, and Cu2O.

The binding energies of Cu, CuO, Cu(OH)2, and

Cu2O are 932.67 eV, 933.7 eV, 934.9, and 932.6,

respectively [16]. This result shows the formation

of native copper oxide by exposure of copper

surface to atmosphere. Adding 0.005 M of citric

acid reduced the intensity of Cu/Cu2O; however,

CuO and Cu(OH)2 still remain on the surface.

When the samples are dipped into copper CMP

slurries containing 0.01 M and 0.05 M of citric

acid, the slurries dissolve the initial CuO and

Cu(OH)2 layers on the surface of copper. The

intensity of Cu/Cu2O is increased with the addition

of citric acid into copper CMP slurry. According

to Chen’s research [5], the formation of copper

oxide film is retarded under high concentration of

citric acid. Therefore, it seems that the Cu is

instantaneously exposed on the surface of a wafer

due to the chemically soluble passivation layers.

The exposure of copper may affect the frictional

characteristic of CMP with citric acid based slurry.

3-2. Material removal and frictional characteristics

Prior to the pattern wafer test, we conducted a

blanket wafer test to verify the effect of citric

acid in the copper CMP slurry on material

removal rate. Polishing test was done at the

pressure of 300 g/cm2 and the rotational velocity

Fig. 1. Static etch rate as a function of citric acid con-

centration in Cu CMP slurry.

Fig. 2. Top view SEM images of wafer surface static

etched for 3 minutes; (a) as received, (b) 0.005M citric

acid + DIW + H2O2 3vol% + colloidal silica 3wt%, (c)

0.01M citric acid + DIW + H2O2 3vol% + colloidal silica

3wt%, (d) 0.05M citric acid + DIW + H2O2 3vol% +

colloidal silica 3wt%.

Fig. 3. XPS analysis of copper surface immersed into

slurries which contain various concentration of citric

acid.
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of 80 rpm. As shown in Fig. 4, when the

concentrations of citric acid were changed from

0.005 M to 0.05 M, the material removal rate of

copper is increased from 30.5 nm/min to 911.2

nm/min. The increase of material removal rate of

the copper film is related to a higher concentration

of citric acid allowing more cupric ions to be

absorbed and complexed. In acidic conditions, the

addition of hydrogen peroxide generates the copper

oxide passivation film on copper. Citric acid

formed soluble surface complexes on copper oxide

when hydrogen peroxide-citric acid based slurry

was provided [3]. However, the some mechanical

abrasion is necessary to remove the complexes on

copper in acidic media. The complexes and

passivation film are easily removed because of the

friction between the abrasives and wafer, and then

complexes and passivation film formation and

removal are repeated during CMP.

The material removal in copper CMP consists of

chemical reaction between a slurry and a copper

and mechanical abrasion occurred by friction

during CMP. In general, the friction force is

increased with the increase of polishing pressure.

Inversely, the friction force is slightly reduced with

the increase of relative velocity due to dynamic

pressure effect [17]. Fig. 5 shows the real-time

friction force signals during CMP. When various

concentrations of citric acid were added into the

slurry, the friction force signals of the slurries are

increased with the concentration of citric acid. The

average friction forces are 3.623 kgf, 5.342 kgf,

6.516 kgf, and 8.271 kgf, respectively. When 0.005

M of citric acid is added into the slurry, the

friction force signal is decreased with polishing

time. The friction force signal of 0.005 M citric

acid is smoother than that of 0.05 M citric acid.

The friction force signal of 0.05 M citric acid

does not drop significantly; however, the signal

was fluctuated during polishing and the polisher

was vibrated.

When small amount of citric acid is provided, it

is likely that the small amount of passivation film

is removed during CMP. Generally, the material

removal rate is related to friction force [7]. As

shown in Fig. 4 and 5, the higher friction force

is related to the higher material removal rate.

Hardness is a material property which characterizes

the resistance of the material to plastic flow due

to indentation and sliding wear [18]. The nano-

hardness and Moh’s hardness of copper and copper

oxide are listed in Table 2 [19]. The hardness of

metallic Cu is lower than that of CuO and Cu2O.

The removal of thin passivation layer may be

revealed as lower friction force during copper

CMP because the hardness of copper oxide is

higher than that of metallic copper. It seems that

the higher and fluctuating friction force was caused

Fig. 4. Material removal rate as a function of citric acid

concentration.

Fig. 5. Friction signals during CMP with slurries which

contain various concentration of citric acid.
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by the abrasion of a metallic copper which is

appeared by higher dissolution of passivation layer

by citric acid and mechanical abrasion by friction

force. During the instant formation and removal

cycle of passivation layer, if the concentration of

citric acid was higher, the probability that a

metallic copper is exposed on the surface would

be increased.

Fig. 6 shows the polishing temperature measured

by an infrared sensor during CMP. The polishing

temperature is increased with the addition of citric

acid. The increase of polishing temperature is

related to the friction force induced by the

concentration of citric acid. It will accelerate the

cycle of the chemical dissolution and the formation

of soluble passivation layer. In conclusion, the

frictional behavior during copper CMP depends on

the instant exposure of copper and formation of

copper oxide.

3-3. Pattern wafer CMP

In copper CMP, slurry chemistry has a strong

effect on the polishing results [20]. In this respect,

we tried to find the dependency of step height

reduction in a copper pattern wafer during CMP.

Fig. 7 shows the profile evolutions during

polishing for the inlaid and the protruding patterns,

respectively. The step heights of all the patterns

rapidly decreased with the reduction of citric acid

concentration in the copper CMP slurry. From Fig.

7(a), the average initial step height of 10 µm/90

µm patterns (100 µm pitch, 10% density) was 642

nm. Polishing with a copper CMP slurry

containing 0.005 M citric acid reduced the step

height to about 30.8 nm. Polishing with a copper

CMP slurry containing 0.01 M and 0.05 M citric

acid, however, yielded step heights of 94.0 nm

and 533.0 nm, respectively. Fig. 7(b) shows the

step height change of the 50 µm/50 µm (100 µm

pitch, 50% density) pattern. The as received step

height was 667.9 nm, and the step height changed

with the concentration of citric acid. As the citric

acid concentration was decreased from 0.05~0.005

M, the step height in the 50 µm/50 µm pattern

also reduced to 607.9 nm, 365.3nm, and 278.5nm.

The 90 µm/10 µm pattern wafer had an initial

step height of 618.1nm but this height reduced to

303.6nm by CMP with 0.005M citric acid in the

slurry (Fig. 7(c)). After polishing with CMP slurry

containing 0.01M citric acid, the step height was

335.4nm, and the step height remained at 591.1nm

after polishing with the 0.05M citric acid solution.

According to Fig. 7, the step height reduction

depends on slurry chemistry and pattern density.

As the pattern density increases, the step height of

the copper pattern is reduced. The material

removal rate at a low density area is higher than

that at a high density region because of the local

pressure [13]. The up area of the pattern can be

removed well by the friction induced by local

pressure and relative velocity at the interface

between slurry and copper surface. However, at the

Table 2. Hardness of copper and copper oxide [18]

Hardness technique Material Value

Nanohardness (Gpa)
Cu 2.5±0.3

Cu2O 17±5

Moh’s hardness

Cu(OH)2 2.0-2.5

Cu 3.0

CuO 3.5

Cu2O 4.0

Fig. 6. Temperature signals during CMP with slurries

which contain various concentration of citric acid.
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initial step of CMP, the dominant factor which

removes the inlaid regions in the copper pattern is

the dynamic etching condition by copper slurry or

is the partial contact of polishing pad. Because the

extruding regions of the low-density pattern are

removed faster than that of the down regions, the

step height reduction of the low density pattern is

faster than that of high density pattern. Inversely,

the inlaid regions of the high-density pattern are

removed slower than that of the low-density

pattern, and thus, the step height reduction of the

high-density pattern is slower than that of the low-

density pattern.

When the concentration of citric acid is low, the

mechanical material removal rate in the up area of

the pattern is larger than the chemical etch rate of

the inlaid pattern, which is advantageous for

planarization as shown in Fig. 8(a). According to

the static etch rate test and the blanket wafer test,

it is evident that a low concentration of citric acid

results in low chemical etch rate. At a high

Fig. 7. Step height of patterns as received and polished

for 80 seconds with copper CMP slurry containing

0.005 M, 0.01 M, and 0.05 M citric acid; (a) 10 µm/90

µm (100 µm pitch, 10% density), (b) 50 µm/50 µm (100

µm pitch, 50% density), (c) 90 µm/10 µm (100 µm pitch,

90% density).

Fig. 8. Schematic diagram of step height reduction; (a)

low citric acid concentration and (b) high concentra-

tion citric acid.
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concentration of citric acid, the step height could

not be reduced because of the high chemical etch

rate of the inlaid regions (Fig. 8(b)). Furthermore,

the increase of polishing temperature with the

concentration of citric acid may accelerate the

chemical dissolution of inlaid regions.

4. Conclusion

In this paper, we investigated the frictional

characteristic of citric acid concentration in copper

CMP slurry and the effect of citric acid

concentration on the step height reduction of

copper density patterns. The prepared slurry

components were H2O2, citric acid, and colloidal

silica abrasive. The concentration of citric acid was

related to frictional characteristic during CMP. The

static etch rate, material removal rate and friction

force are increased with the addition of citric acid

in copper CMP slurry. The removal of thin

passivation layer may be related to lower friction

force during. It seems that the higher and

fluctuating friction force is caused by the abrasion

of a metallic copper which is exposed by higher

chemical dissolution of passivation layer by citric

acid and mechanical abrasion.

10%, 50%, and 90% density patterns were meas-

ured before and after polishing. In the high-density

region, the step height of the copper pattern was

reduced more slowly than in the low-density region.

With the decrease in the citric acid concentration in

the slurry, the step height of all the density patterns

reduced even further due to chemically and ther-

mally accelerated dissolution of inlaid regions.
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