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ABSTRACT

Impedance spectroscopy was used to monitor the hydration in the electrical/dielectric behaviors of chemical mechanical pla-

narization (CMP)-blended cement mixtures. The electrical responses were analyzed using their equivalent circuit models, leading

to the separation of the bulk and electrode based responses. The role of the CMP slurry was monitored as a function of the rel-

ative compositions of the CMP-blended cements, i.e. water, CMP slurry, and ordinary Portland cement. The presence of Al
2
O

3

nanocrystals in the CMP slurries appeared to accelerate the hydration process, along with a more tortuous microstructure in the

hydration, with enhanced hydration products. The frequency-dependent impedance spectroscopy was proven to be a highly effi-

cient approach for evaluating the electrical/dielectric monitoring of the change in the pore structure evolution that occurs in

CMP-blended cements.
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1. Introduction

hemical mechanical planarization (CMP) is a possible

core process in back-end semiconducting processing.

After the application of CMP processing to the manufactur-

ing steps, the CMP solutions possess considerable quanti-

ties of wastewater consisting of nanomaterial-containing

sludge, which can be potentially dangerous if exposed to the

environment. The CMP sludge can include over 200 types of

organic and inorganic materials.1) Thus, efficient control of

the semiconductor wastewater for recovery, reuse, and recy-

cling has attracted significant academic and industrial

attention for the reuse of CMP-based materials. Lee et al.

reported on CMP mortar safety issues, leading to the con-

clusion that the leaching concentration of heavy materials

was far below that dictated by safety regulations and that

their mechanical strength and physical features were equiv-

alent or superior to their counterparts in ordinary Portland

cements.2)

The CMP process should require simultaneous mechani-

cal abrasion and electrochemical dissolution in removing

the patterned materials with the aim of achieving global

planarization on large-scale Si wafers. For Cu-CMPs, the

planarization step is divided into three steps: removal of the

passive film, dissolution of the metal from the freshly

exposed surface sites, and rapid repassivation of the freshly

exposed metal. On copper surfaces, coarse insoluble prod-

ucts, e.g. copper oxide and hydroxide in the form of Cu2O,

CuO, and Cu(OH)2, are formed instead of the protective

(passive) oxide film. Such nonmetallic materials are distrib-

uted in the CMP solvent materials. Therefore, the final

solution is composed of the original CMP constituents and

additional polishing residues. These contaminated materi-

als should be recycled into useful material resources. Also,

the entrapment of such nonmetallic materials should be

connected with effective living products. Therefore, the cur-

rent study proposes the entrapment of nonmetallic materi-

als and their reuse as building blocks for domestic and

industrial applications.

The increasing use of CMP materials has resulted in an

increasing amount of processed materials, including high

ceramic oxides in the nanoscale range. The planarization of

these materials includes the metal lines, a barrier layer,

and an interlayer of dielectric materials. The effective use of

CMP materials is required in order to achieve environmen-

tally benign processing cycles. The waste materials can lead

to high processing costs if they are subjected to recycling

and repurification. Thus, the entrapment of such material

debris will be valuable in adopting the CMP process as a

core processing step in semiconductor technology, because

the solidified CMP materials can be used as everyday con-

struction bricks for houses, office buildings, and other struc-

tures. 

Cement-based materials have been investigated with

regard to their hydration processes using mercury intrusion

porosimetry, scanning electron microscopy, and Brunauer-

Emmett-Teller (BET) methods. These characterization tools

exhibit inherent disadvantages in the reproducible data

representation after monitoring the main features of the

C
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hydration process, and this is expected to result from the

destructive features in the sample preparation and data

analysis. Frequency-dependent impedance spectroscopy has

also been proposed for in situ evaluation of hydration in

cement-based materials: its non-destructive characteristics

do not involve data acquisition interruptions and allow for

long time measurements of the electrical properties during

continuous setting.3-5)

Impedance spectroscopy (IS) is known to be a powerful

tool for investigating the electrical/dielectric properties of

medium resistivity materials. The frequency-dependent IS

allows for the separation of the bulk-based responses from

the electrode-related phenomena on the basis of a quanti-

fied evaluation of the electrical and dielectric information.6)

Furthermore, the Nyquist plot depression analysis (–Zimag

versus Zreal) can provide information on the inhomogeneity

of the electrical origin components in microscale, which gov-

erns the corresponding bulk information. The electrical/

dielectric properties determined through hydration in

cement-based materials have been reported from the ionic

conduction among the highly resistive solid phases.3) The

ionic species are provided through dissolution of the ionic

species of cement materials after reaction with the water

reactants. The high fraction of the liquid phase provides

conducting paths and therefore guarantees percolation

through the paste. The corresponding electrical information

is assumed to be explained by the equivalent circuits con-

sisting of resistors and capacitors, and sometimes including

inductive components.

The current study emphasizes the electrical monitoring of

the effect of the CMP slurry on the hydration process that

occur in cement-based materials using frequency-dependent

IS. An alumina-based CMP slurry was chosen as a refer-

ence system in a series of CMP-blended cements. The CMP-

blended ordinary Portland cement (OPC) pastes should be

investigated in the hydration of cement materials, for com-

parison with OPC pastes. The electrical/dielectric informa-

tion was monitored through in situ impedance measurements

in terms of hydration time and processing variables, e.g. the

amount of water, humidity conditions, and powder prepara-

tion methods. The implications of the frequency-dependent

IS are discussed with the aim of understanding the underly-

ing hydration processes in CMP-blended cements.

2. Experimental Procedures

OPCs (Hyundai Cements, Korea) were sieved using a

steel mesh of less than 150 µm. The sieved cement powder

was blended with an alumina-based slurry where the Al2O3

particles had an average diameter of 130 nm in 5 wt%,

according to the analyzed composition provided in Table 1.

The pH of the CMP slurry was maintained between 3 and 4.

Upon mixing the components (Table 1), tap water was used

as the H2O source ingredient.

The components were weighed and are summarized in

Table 1. The mixtures (or pastes) were hand-mixed for 10 s,

then poured into a mortar mixer, and mixed in speed

sequences of 1 min at a low speed (62 RPM), 2 min at a high

speed (125 RPM), and 15 min at a low speed (62 RPM). The

mixtures were tapped in the container for 1 min and poured

into the specimen fixtures (as shown in Fig. 1). In order to

prevent bleeding and to ensure uniform states, the fixtures

(8 cm × 2 cm × 2 cm) were made from polycarbonate plas-

tics, where two planar electrodes were inserted into the

pastes in the rectangular box, as shown in Fig. 1. The geo-

metrical factor (i.e. the ratio of the length to the cross sec-

tional area) was calculated to be 2 cm−1 with a relative error

of 10% in specimen height. Epoxy was used as the sealing

material to protect against water in order to prevent leak-

age through the barrier along the container wall. The two

electrodes were connected to a frequency-response analyzer

(SI-1260, Solartron, AMTEK, Inc., England). The imped-

ance spectra were collected as a function of the frequency at

10 points per decade in a logarithmic manner between 10

MHz and 10 Hz using the ZPlot and ZView software (Scrib-

ner Associates Inc., USA). The measurement setup was

maintained under 100% relative humidity in ambient condi-

tions, where the sealed chamber incorporating the vessel

was filled with tap water. 

3. Results and Discussion

A typical impedance spectrum of an OPC cement is shown

in Fig. 2. The impedance spectra were resolved into two

regimes as a function of the measurement frequency: the

high frequency region was assigned to the bulk-related

responses and the low frequency portion was attributed to

the polarization that occurs at the cement/electrode inter-

faces. The electrode-based responses reflect the sum of the two

individual electrode effects adjacent to the cement-based

materials because the current electrode configuration involves

a two-point electrode. The impedance features enable equiva-

lent circuits reflecting both bulk and electrode contributions,

Table 1. Sample Composition (in fractions) Employed in the
CMP-slurry Mixtures

Component A1 M1 R1

Cement 0.6 0.6 0.6

Slurry 0.4 0.3 -

Water 0.1 0.4

Fig. 1. Experimental setup for the impedance measurement
employed in the CMP-blended cement mixtures in
which the container was maintained under 100% rel-
ative humidity.
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as shown in Fig. 3. The bulk and electrode responses were

divided into bulk and electrode based responses, as shown in

Fig. 2. The high frequency information reflects the bulk effect

related to the hydration in the cements. The low frequency

information indicates the polarization between ionic solution

and electronic electrodes. According to the equivalent circuit

description, the current impedance spectra are represented by

R0(RBulkCPEBulk)(RElectrodeCPEElectrode), where the R and CPE

(constant phase element) components are connected in par-

allel, but the overall networks are connected in series. Fur-

thermore, CPE indicates a constant phase element

involving the capacitance-like behavior of the arc depres-

sion. In the current circuit description, R0 reflects the high

frequency intercept due to a partial portion in the bulk

responses of the RBulk and CPEBulk.

As shown in Fig. 4, the impedance spectra were collected

Fig. 2. Typical impedance spectra as a frequency where the
frequency increases from right to left. The bulk and
electrode rated responses are separated by the posi-
tion of the cusp in the impedance spectra.

Fig. 4. Raw impedance spectra in the hydration of the OPC cements involving water and CMP slurry: (a) A1, (b) M1, and (c) R1
as a function of the hydration time. The impedance spectra were collected at 1, 3, 7, and 15 day intervals. (d) Enlarge-
ment of Fig. 4(a) at an early stage of hydration in A1.

Fig. 3. Equivalent circuit model employed for the CMP-blended
cement mixtures where R

0
, R

Bulk
, and CPE

Bulk
 are

assigned to the bulk responses, and R
Electrode

 and
CPE

Electrode
 to the electrode-related components. R

0

reflects the high frequency intercept probably due to
a partial portion in bulk responses composed of R

Bulk

and CPE
Bulk

.
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as a function of the hydration time and composition. As the

hydration time increased, the overall resistance increased

regardless of the composition of the CMP-blended cements.

The high frequency impedance was attributed to the bulk

responses, i.e. ionic transport along the porous phase filled

with a pore solution, which is typically a strong alkaline solu-

tion with a pH value near 13. The hydration process continu-

ously produces calcium-silicate-hydrate (C-S-H) phases along

with an increase in the solid fractions of the high resistivity

materials. As shown in Fig. 5, the analyzed resistivity was

summarized as a function of the hydration time and compo-

sition. The resistivity of the CMP-blended cements without

tap water (A1) were significantly higher than that of the OPC

cements mixed with tap water only (R1) and that of the OPC

mixed with both tap water and the CMP slurry (M1).

As shown in Fig. 6, the hydration changes the electrical

behavior and dielectric responses, as monitored using the

frequency-dependent capacitance bode plots. Furthermore,

the capacitance exhibited a frequency-dependent variation:

at a high frequency, the capacitance was in the range of tens

of picofarads, and thereafter the capacitance continued to

increase to the range of microfarads. The millifarad range of

capacitance is characteristic of the ionic transfer between

the electronic conductors and ionic solution. As noticed in

Fig. 6, hydration continues to decrease the capacitance due

to the continuously evolving solid phases intruding into the

liquid phases located within the porous paths using the

abovementioned C-S-H products. The time-dependent resis-

tance and capacitance indicate that the hydration process

progresses as long as the relative humidity is maintained

under 100%. Furthermore, the high frequency capacitance

decreases with increases in the hydration time. As the

hydration proceeds, the capacitance decreases and the cor-

responding time constants change to higher values: the

semi-circle begins to be formed at a lower frequency as the

hydration time increases. 

The high frequency information is concurrent with the

continuously evolving microstructure where the hydration

in the cements continues to produce solid phases, such as

electrically insulating phases, e.g. calcium-silicate-hydrate

(C-S-H). Typically, the pore solution (obtained from the

OPC pastes) includes high concentrations of positive and

negative ions such as Na+, K+, and OH− along with a high

conductivity. The pore structure of the highly conductive

ionic solution is subjected to interactions with the solid

phases made from C-S-H products and solid phases; hence,

the pore structure becomes more tortuous in terms of pore

length and size as the hydration or equivalent setting pro-

ceeds. The frequency-dependent IS is believed to allow the

electrical monitoring of the self-setting characteristics that

occur in cement-based materials. 

Considering the high frequency bulk-based responses, the

cement-based materials can be regarded as 3-3 intercon-

nected materials according to the Electrocomposite Theory

explained by Newnham’s group.7) The solid component is

made from either the initial OPC cements or Al2O3 particles,

Fig. 5. Resolved resistivity calculated as a function of the
composition and hydration time.

Fig. 6. Capacitance bode plot as a function of the frequency in the CMP-blended cements. (b) is an enlargement of (a) in the
high frequency regime.
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and the hydration products. The solid phase is highly resis-

tive or insulating compared with that of the pore solution.

Consequently, the conductive pore solution predominantly

controls the electrical/dielectric hydration response in the

cement-based materials. As hydration continues, the aver-

age pore size decreases continuously and the interconnected

paths in the capillary pores become narrower and longer. In

particular, the current CMP slurry includes insulating

Al2O3 nanocrystals, and the Al2O3 appears to block the pore

solution and accelerate the hydration process, thereby func-

tioning as a nucleating agent. This explanation is corrobo-

rated by the considerably higher resistivity found in the

cement-CMP mixtures (see Fig. 6). In the cement-based

materials, the electrical conduction is determined by the

overall combination of the pore structure and pore solution.

In the CMP-blended cements, the ionic solution and chang-

ing microstructure can be assumed to be quite similar to

those of the OPCs.3) The electrical conduction in both sys-

tems is dominated by the amount, size, and distribution of

the pores in the cement-based materials. The resultant con-

ductivity can be described using the proposed Electrocom-

posite Theory.7) The apparent conductivity is given by:

 σt = Σσiβiφi = σsβsφs+ σoβoφo, (1)

where σt is the apparent conductivity, σi  is the conductiv-

ity of phase i,  βi is the interconnectivity of phase i, and φi  is

the volume fraction of phase i. The subscripts s and o denote

the solid and liquid phases, respectively. Considering the

high contribution of the ionic liquid component, Equation (1)

is simplified into:

 

 σt = σoβoφo. (2)

That is, the overall conduction is dependent on the poros-

ity and interconnectivity of the porous regions filled with

the high conductivity pore solution within the CMP-blended

cements. As shown in Fig. 5, the time-dependent hydration

is closely associated with a significant increase in resistiv-

ity. Therefore, the evolving microstructures of the solid and

liquid phases continue to decrease the amount of pore solu-

tion in order to become tortuous in terms of the porous com-

ponents as the hydration progresses for all compositions of

the CMP-blended and OPC cements. In particular, the

resistivity of the CMP-blended cements is considerably

higher than that of OPCs. This result is associated with two

features of the blended cements: the Al2O3 particles acceler-

ate the hydration process, which leads to a significant

decrease in the porous phase, and the more tortuous (equiv-

alently less interconnective) microstructure of the CMP-

blended cements, which leads to a decrease in the conduc-

tivity due to the smaller interconnectivity and porosity val-

ues, according to Eq. (2).

Hydration in cement-based materials is closely related to

the reaction products formed through the consumption of

the liquid phases. In cement hydration, the continuous

chemical reaction hampers effective ionic conduction due to

the continuous growth in the hydration products. This con-

cept was simulated in terms of the microstructural parame-

ters obtained from the cement products, i.e. through both

narrower paths and thicker C-S-H products. In these simu-

lations, the resultant resistance increased with the increas-

ing barrier thickness and decreasing hole diameter due to

geometrical constrictions in the ionic conduction in the pore

solution.8,9) The combined effects of the two pore sizes and

thicknesses in the C-S-H phases cause them to be more tor-

tuous, which leads to great difficulty in the formation of

interconnected pore solutions. The addition of the CMP

slurry appears to accelerate the abovementioned hydration

process.

The physical properties of the cement-based materials, i.e.

electrical resistivity, creep tests, and compressive strengths,

depend critically on their pore network structure.10) The cur-

rent characterization of the CMP-blended cement mixtures

indicates that the electrical impedance information is con-

sistent with the enhanced compressive strengths reported

by Lee et al.2) That is, the inorganic nanocrystal components

appear to form a higher fraction of the hydration products

compared with that resulting from the OPC only.

This work reports the preliminary information of the

effect of the CMP slurry on the setting phenomena in

cement-based materials and OPCs in particular. The pro-

posed concept should be verified by subsequent microstruc-

ture image analyses and using both mercury intrusion

porosimetry and compressive strength tests. In this work,

the frequency-dependent IS demonstrated its usefulness as

a uniquely non-destructive probing technique for the quan-

titative in situ monitoring of the hydration process involving

a time-dependent change in the microstructure using the

CMP slurry as an acceleration agent. Contrary to the

destructive features of the BET measurements, electron

microscopy, and mercury intrusion porosimetry, the fre-

quency-dependent IS demonstrated its effectiveness in mon-

itoring the hydration process involving the CMP slurry

materials. A forthcoming publication will report the chemi-

cal and microstructural issues in more depth. 

4. Conclusions 

The frequency-dependent IS was proven to be a non-

destructive approach for the electrical monitoring of

cement-based materials in both single and composite sys-

tems. The impedance spectra of the CMP-blended cement

mixtures reflected the simultaneous measurement of the

bulk and electrode based responses regarding the resistive

and capacitive components. The presence of the CMP

nanocrystals accelerated the hydration process that occurs

in the OPCs, which led to a significant increase in the resis-

tivity of the CMP-based OPC mixtures. These effects were a

result of a significant change in three-dimensional pore

structure with an emphasis on the pore size distribution

and interconnectivity. The presence of the Al2O3 particles in
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the CMP slurry appeared to block the interconnected porous

phase and accelerate the hydration process due to the bene-

ficial effect of the alumina particles in the formation of the

C-S-H materials.
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