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ABSTRACT A novel noncontact measurement method based on double-coil sensor is proposed for
determining the thickness of copper (Cu) film on the silicon wafer in the process of stress free polishing
(SFP). The double-coil sensor consists of two identical coaxial eddy current coils and corresponding auxiliary
circuits, where the two coils are excited with the same sinusoidal signal and interact through the magnetic
resonance coupling. The induced currents are produced in the Cu film through the electromagnetic coupling
between double coils. The interaction equivalent circuit model of Cu film and two coils of double-coil sensor
is discussed and the coil design and its lumped parameter extraction are analyzed. The linear relationship
between the inductance difference of two coils and lift-off distance change (LODC) is formed and analyzed.
By simulating the Cu film with different thicknesses sandwiched between two coils, the distribution and
intensity of the magnetic field are presented. The slope of the relationship line between the inductance
difference and the LODC is termed as SOR. Dependent on the LODC, the relationship between SOR
and thickness of Cu film is extracted. Finally, the double-coil sensor is fabricated and the experiment is
implemented. Different specimens with the thickness ranges from 100 to 500 nm are prepared and measured,
where the measured maximum relative error is 4.7% and standard errors are between 2 and 13 nm. The
experimental results demonstrate that the proposed measurement method is feasible and can confirm the
thickness of Cu film on the silicon wafer. It is not only insensitive to the LODC but also can measure
the thickness of less than 1 ym for Cu film on the silicon wafer.

INDEX TERMS Double-coil sensor, magnetic resonance coupling, Cu film on the silicon wafer, stress free

polishing, equivalent circuit model.

I. INTRODUCTION

Chemical mechanical planarization (CMP) is a key technique
in the current semiconductor manufacturing process [1]. The
CMP is a polishing process and utilizes the mechanical pol-
ishing with the chemical slurry formulation for removing the
unwanted conductive and dielectric materials on the silicon
wafer. A typical CMP machine contains a rotation wafer
chuck and an extremely flat polish plate which is covered
by a polish pad. In the process of the polishing, the silicon

The associate editor coordinating the review of this manuscript and
approving it for publication was Bora Onat.

wafer is mounted upside-down in the chuck and rotated with
it. The downforce from the chuck pushes the silicon wafer
against the polishing pad and the material on the silicon wafer
is removed by the friction force combining with the slurry.
In the Cu damascene process [2], the copper CMP (Cu-CMP)
technology is adopted to remove the excess Cu material.
Then, only the Cu material in the grooves of silicon basement
is retained and the Cu interconnect line in semiconductor
devices is finally formed.

With the development of semiconductor devices in recent
years, the low-« dielectric barrier materials have been widely
employed to overcome the time delay in the semiconductor
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circuit [3]. Meanwhile, the line-width of Cu interconnects has
fallen to less than 20 nm in the very large scale integrated
circuit, which makes the chip more powerful and smaller.
Under the situation, the strength of material on the silicon
wafer decreases and the traditional CMP technique would
give rise to damages to the Cu interconnects because of
the high downforce from the polishing chuck. To overcome
the problem, two-step stress free polishing (SFP) technology
has been studied in recent years [4], [S]. For the first step,
the traditional CMP process is applied to remove a large
portion of the Cu film on the silicon wafer till the thickness of
Cu film is reduced to about 200 nm ~ 300 nm. For the second
step, the electrochemical polishing approach is shifted on
the silicon wafer to remove the remaining Cu structures and
avoid damaging the soft material. In the SFP, the electrolyte
sprays onto the surface of the silicon wafer and then the
excess Cu layer is removed by the electrochemical corrosion
without downforce on the silicon wafer. The SFP can avoid
the damage of Cu interconnects and other soft materials on
the silicon wafer.

In the SFP, the amount of the electrolyte sprayed on
Cu film determines the removing rate of Cu film, and the
uniform removing rate can improve the accuracy of the cir-
cuits. The thickness distribution of the Cu film provides
the feedback information which can control the modules for
adjusting the amount of electrolyte spray on the Cu film sur-
face, and avoid the over etching [6]—[9]. In order to measure
the thickness of Cu film, various methods have been inves-
tigated in the past several years, such as optical reflectivity
method [10], four-point probe (4PP) method [11] and eddy
current technique [12]. In the semiconductor industry, the
4PP method is the most common used method for deter-
mining the thickness of the conductive film, and needs the
probe to contact the surface of the sample. However, for the
SFP, the thickness measurement of Cu film needs to be non-
contact and nondestructive. Only the eddy current technique
could meet the requirements with features of high efficiency,
high sensitivity, especially nondestructive and noncontact
ability [13]-[16].

When applying the traditional eddy current method with
only one coil to detect the thickness of Cu film on the
silicon wafer, the distance between the sensor coil and
Cu film, known as lift-off distance (LOD), needs to be kept
unchanged. The distance change posts a strong negative
effect on accuracy and repetitiveness of the measurement.
The inductance of the coil is not only sensitive to the thick-
ness variation, but also the LOD changes (LODCs). The
inescapable LODCs originate from the mechanical vibration
and the runout position error due to the silicon wafer chuck
rotation, as shown in Fig. 1.

To minimize the LODC effect for measuring the thickness
of Cu film by using the eddy current technique, two meth-
ods have been explored. One is the multi-frequency eddy
current (MEC) method [17]-[19] and the other is the pulsed
eddy current (PEC) method [20]. For the MEC method,
the eddy current coil is excited by a sweep frequency signal,
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FIGURE 1. A model for the process of stress free polishing.

the real and imaginary parts of the impedance of the coil
are collected and the certain electrical parameter is extracted
for reflecting the thickness of conductive film immune to
the LODC:s. In [21], it demonstrated that the peak frequency
of the imaginary part of the inductance change is inversely
proportional to the thickness of the conductive film, and the
peak frequency is relatively unaffected by the LODCs. For
the PEC method [22]-[24], two coils are adopted and the
pulsed current signal is fed into the excitation coil. Then,
the signal in the pickup coil is analyzed. The most popular
feature to be used for minimizing the LODC effect is called
as lift-off point of intersection (LOI), which can be observed
in the pickup signal in the time domain with the LOD varying.
Both MEC and PEC methods have the capacity to diminish
the LODC effect on the accuracy of conductive film thick-
ness, however, they need complex frequency analysis and
high-quality hardware for guaranteeing the signal processing
efficiency. These characteristics lead to time-consuming as
well as high economic cost. Therefore, these factors limited
their utilization in the thickness measurement of Cu film in
the SFP. Also, it is challenging to obtain the accurate thick-
ness of Cu film remaining on the silicon wafer during the SFP.

In the previous work for the thickness measurement of Cu
film [25], the parameters such as the diameter/height ratio
and working frequency of eddy current coil are optimized
for increasing the uniformity of electromagnetic field along
the axis of the primary coil, which can reduce the LODC
influence. However, it is hard to uniform the electromagnetic
field along the axial completely. When the LOD varies, the
magnetic coupling coefficient between the coil and induced
eddy current in the Cu film is changed. The change of the
impedance of eddy current coil can reflect simultaneously the
information about thickness variation of Cu film and LODC.

In this paper, a noncontact measurement method based on
double-coil sensor is proposed, which contains two eddy cur-
rent coils and auxiliary circuits for measuring the thickness
of Cu film on the silicon wafer. Firstly, it is presented for
the theoretical analysis of eddy current technique using two
identical coaxial coils to confirm the thickness of Cu film.
Secondly, the double-coil sensor sandwiching the Cu film is
analyzed and its interaction equivalent circuit model (ECM)
is illustrated. Meantime, the coil design and corresponding
lumped parameter extraction are introduced, and the electro-
magnetic field simulations are also conducted under different
Cu film thicknesses to observe the distribution and intensity
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FIGURE 2. (a) Two coaxial coils and Cu film, and (b) ECM.

of the magnetic field. Then, the relationship between the SOR
and the thickness of Cu film is extracted. Finally, the exper-
iment setup is established and the thickness distribution of
Cu film on the silicon wafer is measured. The measured
relative error and standard error are evaluated for prepared
specimens. Also, the measurement procedure is summarized.
The proposed method can measure the thickness of less
than 1 um for Cu film on the silicon wafer, and lower the
negative effect of LODC with high speed and low cost.

Il. THEORETICAL ANALYSIS

The proposed noncontact measurement method based on
double-coil sensor mainly utilizes the magnetic resonance
coupling of two coaxial coils. Considering a coil positioned
on a Cu film sample as shown in Fig. 2(a), when the time-
varying current is fed into the coil, and the time-varying
magnetic field B(r) is generated and calculated by using the
Bio-Savart Law

_ moNI f; dl’ x (r—r') n

B(r) = o = r/)3

where C, I, o, N and dl’ are the whole current path, the mag-
nitude of the current flowing through the coil, the permeabil-
ity of free space, number of turns of the coil, and differential
coil element, respectively. r and r’ are the position vectors of
the observation point and dl’, respectively. In the presence of
the time-varying B(r), the electromotive force (i.e., voltage) is
produced within the Cu film. The magnitude of the induced
voltage is proportional to the rate of change of the B(r) in
the given area, and its direction is defined by Lenz’s law.
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The phenomenon can be explained by the differential form of
Faraday’s law of induction, i.e., Maxwell-Faraday equation
oB(r)
ot’

VxE([) =- 2)
where E(r) is the time-varying electric field, and 7’ is the time
variable. Due to a driven voltage, the eddy current is formed
within the conductor and in plane perpendicular to the B(r).
The eddy current density J(r) in the given area is computed
through the Ohm’s law

J(r)=oE(r) 3

where o is the electrical conductivity of the conductive mate-
rial. The eddy current loop will generate a magnetic field
opposing the magnetic flux change which induces the eddy
current by the two coils. In order to measure the thickness
of Cu film, the penetrating depth of the induced eddy current
must be larger than the thickness of Cu film. The penetrating
depth can be described by the skin depth in the conductive
material, which is defined as the depth below the surface
of the Cu film where the current density has fallen to 1/e
of the surface current density. The skin depth is expressed
by

) : 4)

Voo

where f is the frequency of excitation signal in the coil,
Wy is the relative permeability, and g is the permeability
in free space. Usually, the f is from 0.5 MHz to 5 MHz in
the measurement, and the corresponding skin depth § is from
92.2 um to 11.9 um. The thickness of Cu film, ¢, is from
50 nm to 500 nm, thereby ¢ is largely less than 6.

The eddy current loop induced in the Cu film can be
simplified and equivalent to a resistor Reqdy and an induc-
tor Leqdy in series, which couples with the two coils as a
transformer model. Each coil can be simplified as a resis-
tor R1/Ry and an inductor Li/Ly in series. The ECM of
two coils sandwiching the Cu film is shown in Fig. 2(b).
The coil 1 and coil 2 interact with the eddy current loop
through the mutual inductance M| and M;. When the dis-
tance between coil 1 and coil 2, d, is several mm, the mag-
netic field between them can be considered as the uniform,
and the diameter of the induced eddy current is unchanged.
When the Cu film is sandwiched between them, the mutual
inductance between coil 1 and coil 2, My, can be kept
unchanged.

Based on the Kirchhoff voltage law [26]-[29], the input
impedances of coil 1 and coil 2 are respectively written
as

Zy = Ry +jo [L1 — My + Mp] ©)
Zy = Ry + jo [Ly — My + M) (6)

where w = 27f, Ry = R», L1 = L,. From Eq. (5)-Eq. (6),
Z, — 7y = jo M) — M>] N
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Also,

My = ki/L1Lgm (8)
My = kay/LoLgym 9

where k; and kp are mutual coefficients, which are
related to the distance between the coil and Cu film.
Ly, is the equivalent inductance of the eddy current
loop in the Cu film. When the distance becomes smaller,
the mutual coefficient is larger. Substituting Egs. (5) and (6)
into Eq. (7),

Zy — Zi = jo [ki/Li Lfim — kar/LaoLgiim | (10)
Since L; is equal to Ly,
Zy — Zy = jow(ky — k2)v/L1Lfiim (1D

According to the definition of the inductance which is equal
to the ratio of magnetic flux to current, the Ly, is written
as

td

[ I () ds (12)
S

Lyiim = tLgy,, =

where leﬁlm is the equivalent inductance per unit height,
S is the given area which the magnetic field passes through,
t is the thickness of Cu film, ® is magnetic flux density.
When the double-coil sensor is moving, ® is kept unchanged.
Substituting Eq. (12) into Eq. (11),

Z-zi=joth —k) |y 09
S
Inductance different is defined as
AL =~ k) | Lo (14)
{ J(r)ds

When k; is equal to k>, Cu film is located at the center
of two coils, and the inductance different is zero. Consid-
ering the distance between both coils is much shorter than
the diameter of each coil, the mutual coefficient is approx-
imately linear to the distance. k; and ky can be written
as

ki = ph (15)
ky = pha (16)

where p is mutual coefficient factor. 4; and &, are the distance
between the coil 1 and Cu film and the distance between the
coil 2 and Cu film, respectively.

AL = —typ L —t® —anp [P
= —hy)p 1fSJ(r)ds_ p lfSJ(r)ds

7)

where Ah is the LODC and equal to A - hy. When the
coil 1 or coil 2 is close to Cu film, the slope of inductance

difference will be affected by p. /L, f.;%ii)ds' The change of
N
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FIGURE 3. Proposed noncontact measurement method based on
double-coil sensor for confirming the thickness of Cu film on silicon
wafer.

inductance difference indicates the thickness change of the
Cu film. As the thickness of Cu film increases, the inductance
difference also increases. The LODC becomes an indepen-
dent parameter that has no relationship with the thickness of
Cu film, which will not affect the accuracy of the thickness
during the measurement.

IIl. NONCONTACT MEASUREMENT METHOD BASED

ON DOUBLE-COIL SENSOR

To obtain accuracy information of the thickness of Cu film on
the silicon wafer under different LODCs in the SFP, a non-
contact measurement method based on double-coil sensor is
analyzed, designed and discussed.

A. DOUBLE-COIL SENSOR

As shown in Fig. 3, it is the noncontact measurement method
based on double-coil sensor for confirming the thickness of
Cu film on the silicon wafer. Two coaxial air-core coils are
key parts of the sensor, which are with same turns, material,
working frequency, and uniform electrical parameters. They
are separately located at both sides of the silicon wafer.
In order to convert the inductance changes of two coils to
the output voltage for picking up and processing, the bridge
circuit is adopted to convert the inductance variation of the
coil to the voltages change. In the SFP machine, the silicon
wafer chuck is made of plastic polymer material where the
resistance is high enough to damp the generation of eddy
current in it. Thus, the electromagnetic field generated in free
space by coils can pass through the wafer chuck without any
loss.

The permeability of Cu film is constant and the skin depth
of eddy current is only related to the working frequency of
the coil. Comparing with the thickness of Cu film in the
SFP ranging from 100 nm to 500 nm, the attenuation of eddy
current along the depth in the Cu film can be ignored and the
eddy current can be considered as simplified current loops
with the uniform current density.

Fig. 4 shows the interaction ECM of the Cu film and two
coils of the double-coil sensor, where it includes three mutual
inductances, My, M1, and M;. The coils and Cu film are mag-
netically coupled with each other through the three mutual
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FIGURE 4. Interaction ECM of Cu film and two coils of double-coil sensor.

inductances [30]. The capacitors C; and C, are parallelly
connected with the two coils, respectively. When the bridge
circuit is operating at the frequency of w, the voltages probed
at the coil 1 and coil 2 can be respectively expressed as
follows

Zi1c1
Vi=Up———FF— (18)
R3+Z1c1
Zioco
Vo =Ups—F— (19)
Ri+Zioca

where

7 R + joL})(1/joCr) 20)
M R+ joL] + (1/joC))

70— Rt joly)(1/joCs) 1)
1227 Ry + joL + (1/jwCy)

where L] and L) are the equivalent inductances of the
coil 1 and coil 2, respectively, which can be written as

Li =L —M +My (22)
Lé =L, — M, + My (23)

By testing the voltages at the coil 1 and coil 2, the equivalent
inductances can be analyzed and extracted.

B. COIL DESIGN AND LUMPED PARAMETER EXTRACTION
This paper focuses on a planar coil design used in the pro-
posed measurement method. The physical parameters such
as inner and outer radii and distribution of turns are swept
for optimization using the traditional method. The planar
coil is specifically optimized to reduce the stray magnetic
fields and finalized with the outer radius of 2.5 mm and
inner radius of 0.875 mm with 8 turns. Lumped parameters
of the coil are extracted accurately to ensure the optimum
series capacitor for quantifying the intensity of the magnetic
field. The prototyped coil is fabricated on the printed circuit
board shown in Fig. 5(a) and measured by an Impedance
Analyzer (Agilent 4294A). The common lumped parameter
model of a coil consists of an inductor with the inductance
of L, and a resistor with the resistance of R, connected in
series, shown in Fig. 5(a). The measured data of the resistance
and inductance are shown in Fig. 5(b).

R; is calculated through the MATLAB tool according to
the recursive optimization method and plotted in Fig. 5(b),
wherein the measured direct-current resistance is 0.28 .
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FIGURE 5. (a) Coil prototype and ECM, and (b) coil resistance and
inductance with frequency varying.

Also, the inductance L; of the coil is calculated using FEM
simulation and shown in Fig. 5(b). Both of them are con-
sistent with the measured results for the coil. It is seen that
the resistance and inductance at 0.5 MHz are 4.52 Q and
7.23 uH, respectively, where the measured quality factor is
about 11.7.

The capacitor connected to both terminals in parallel is
adopted to tune the resonance frequency of the coil and the
capacitance is set according to

1
Cl=—>5—
Qrfo)*Ly

where fj is the working frequency. When the fj is at 0.5 MHz,
the C| is calculated to be 9.46 nF by applying Eq. 24.

(24)

C. ELECTROMAGNETIC FIELD SIMULATION

To analyze the distribution of eddy current density in the thin
Cu film, the simulation model with two coils is set up by using
Ansys Maxwell simulation tool as shown in Fig. 6. Each coil
is the planar circular spiral winding with 8 turns and the inner
and outer diameters are 2 mm and 5 mm, respectively. The
cross-section of the coil wire is within a square of 0.1 mm x
0.1 mm and the distance between two coils is 1.5 mm. Then,
a Cu film with different LODs is located between two coils for
simulations. Fig. 6 shows the simulation model of two coils
and Cu film. The average radius of each coil is indicated as R,
which is equal to (1 + r2)/2. The distance between the two
coils is indicated as d. The Cu film is located at the middle
position between coil 1 and coil 2, and & is d /2, where the
maximum LODC is Ah. When the Cu film is moving in the
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FIGURE 7. Magnetic flux density distribution for (a) Cu film thickness
of 50 um, and (b) Cu film thickness of 1 xm.

range of A#h, the inductance of each coil is changed and the
difference of them is calculated.

The thickness of Cu film is set as 50 um and 1 pum,
respectively, and the LOD between the Cu film and the coil 1
is 0.75 mm. The excitation signal is with the frequency
of 0.5 MHz and the amplitude of 1 A. The distributions of
the magnetic field under different Cu film thicknesses are
simulated and shown in Figs. 7(a) and (b).

As shown in Fig. 7(a), when the thickness of Cu film
is 50 um, which is thicker than the skin depth in the Cu film,
the magnetic field cannot penetrate the Cu film where the
film behaves like an electromagnetic mirror. The change of
LOD can cause the inductance variation of the coil. When
the thickness of Cu film is set as 1 wm, which is thinner than
the skin depth, the magnetic field will penetrate the Cu film as
shown in Fig. 7(b). The intensity of the electromagnetic field
in the middle of the Cu film is presented in Fig. 8. Compared
with the case without Cu film, the intensity of electromag-
netic field is weakened by the opposite electromagnetic field
from the Cu film. The changes of the thickness of Cu film
and the LOD jointly contribute to the inductance change of
the coil and the thickness of Cu film plays a major role.

D. CU FILM THICKNESS EXTRACTION

In the model as shown in Fig. 6, R is 1.75 mm and the d is
1.5 mm. A Cu film with # = 0.5um is placed in the middle
position between two coils (2 = 0.75 mm) and the A#h is set
to 0.2 mm. When the position of Cu film changes from —A#h
to +Ah, the inductance of each coil will be changed. The
simulation results of the inductances of two coils are shown
in Fig. 9. It shows that when the position of Cu film is moving
from O to 0.2 mm, the inductance of coil 2 increases while
for coil 1 it decreases. When the Cu film is at the position of
h = d/2(Ah = 0), the inductances of two coils are equal and
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FIGURE 8. Magnetic field intensity along the middle line of Cu film with
different thicknesses. (a) Magnetic flux intensity, and (b) magnetic field.

thus the inductance difference is zero, while at the positions
of +Ah and — A#h, the inductance difference will increase to
the maximum value.

When d varies from 1.5 mm, 2.5 mm to 3.5 mm, the
inductance difference of two coils under different LODCs are
analyzed and the evaluated results are presented in Fig. 10.
It indicates that the distance between the two coils plays
an effect. When the d exceeds a certain value, the linearity
degree of the inductance difference will decrease. In order to
evaluate the inductance changes under different thicknesses
of Cu film, the thickness of Cu film is set from 5 um,
40 pm to 50 pum, and the LOD between coil 1 and Cu film is
from 0.55 mm to 0.95 mm with the step of 0.05 mm. The
relationship between the inductances of two coils and the
LODCs is shown in Fig. 11.

From Fig. 11, with the increase of the LODC, the induc-
tance of coil 2 increases, while the inductance of coil 1
decreases. When the Cu film is at the middle position between
coil 1 and coil 2, the mutual inductance between each coil and
the eddy current loop in the Cu film is equal to each other.
The cross point between the two inductances corresponds to
the middle positon between the two coils. As the thickness of
Cu film decreases, the intersection slope of both inductances
for coil 2 and coil 1 decreases.

The inductance differences of the coil 2 and coil 1 under
different thicknesses of Cu films are acquired. Then, the rela-
tionship line between the inductance difference and the
LODC is also obtained and fitted through the MATLAB
tool by using the linear least-squares fitting method and the
fitted curves are presented in Fig. 12. When the thickness of
Cu film gets thicker, the SOR is bigger. The SOR is
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FIGURE 12. The relationship between inductance difference and LODC for
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proportional to the thickness of Cu film and has no relation-
ship with the LODC. When the slope parameter is used to
determine the thickness of Cu film, the variable LODC no
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FIGURE 14. Silicon wafer specimens. (a) Silicon wafer without Cu film,
(b) silicon wafers with different thicknesses of Cu film.

longer posts a negative effect but an indispensable indicator
of the thickness.

The thicknesses of Cu films and their corresponded simu-
lated SOR values are acquired, fitted and displayed in Fig. 13.
With the increase of the thickness of Cu film, the SOR value
increases monotonically. Referring to Figs. 11-13, the LODC
has no effect on the thickness of Cu film.

IV. EXPERIMENT AND DISCUSSION

To validate the theoretical analysis of the proposed method
for the measurement of the thickness of Cu film on the silicon
wafer, a double-coil sensor is fabricated and a test platform is
built, and the experiment is implemented.

A. CUFILM ON SILICON WAFER PREPARATION

Different silicon wafers with different thicknesses of Cu
film are prepared by using physical vapor deposition (PVD)
method in the experiment. Fig. 14(a) shows a silicon wafer
of 4 inches without Cu film. During the magnetron sputtering,
the vacuum of the cavity is set as 1.5 x 1073 Pa, the flow of
the argon is 80 sccm, the voltage between counter electrodes
is 850 V ~ 900 V, and the diameters of the sputtering range
and the targeted material are 60 mm and 62 mm, respectively.
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TABLE 1. The Cu film thicknesses of specimens.

Specimen No. 1 2 3 4 5
Group | (nm) 151 240 305 368 447
Group 2 (nm) 105 165 213 278 340

The silicon basement is placed on the pallet with the rotation
speed of 20 rpm, and the power of the PVD instrument
is 150 W.

By adjusting the sputtering duration time, two groups
of silicon wafers with different thicknesses of Cu films
are obtained, termed as Group 1 and Group 2, as shown
in Fig. 14(b). Each group consists of different silicon wafers
with different thicknesses of Cu films ranging from 100 nm
to 450 nm, numbered as 1 ~ 5 in sequence. The average
thicknesses of Cu films of specimens are further measured
and confirmed by the 4PP method. The Cu film thicknesses
of specimens are listed in detail in Table 1. Group 1 is used
to calibrate the experiment setup and Group 2 is utilized for
evaluating the error for the proposed measurement method.

Fig. 15 illustrates the precise thickness measurement for
the Cu film on the silicon wafer. One fabricated silicon
wafer with a Cu film of 305 nm thickness is placed on the
4PP instrument (Creative Design Engineering, ResMap 178)
shown in Fig. 15(a), and the different measured values are
obtained at measurement points along the measurement route
(diameter line) as shown in Fig. 15(b). Then, the relationship
between different measured values and measurement route is
drawn and shown in Fig. 15(c). The precise thickness of Cu
film on the silicon wafer is the average value of all measured
values.

B. EXPERIMENT SETUP
Fig. 16 shows the photograph of the fabricated double-coil
sensor which has two input ports and two output ports. The
support is manufactured by the 3D printing for fixing the two
coils and the auxiliary circuit. The measurement instruments
used to implement the experiment are illustrated in Fig. 17.
The function/arbitrary waveform generator (Rigol DG4162)
provides the sinusoidal wave signal with a working frequency
(e.g., 0.5 MHz) and amplitude of 10 Vpp, which is fed into the
power amplifier and power divider (MHS5200P), and then is
delivered to the double-coil sensor. The output signal from
the double-coil sensor is amplified through the instrument
amplifier (AD8222) and collected by the data acquisition
(DAQ) card (Advantech Company, USB-4716, 200 KS/s).
The XYZ positioning table is employed and controlled by
the workstation. The double-coil sensor can be moved on
z direction and x direction by a micro-meter step through
two motors, respectively. The received data are processed by
the workstation and the thickness of Cu film on the silicon
wafer is obtained. Different modules are connected by the
RF coaxial cables assembling BNC (50 €2, Pomona Electron-
ics Model 2249) and BNC-SMA converters.

The distance of two eddy current coils of the double-coil
sensor is 2.8 mm, and the excitation signals fed into the
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FIGURE 15. (a) 4PP instrument and silicon wafer with a Cu film of 305 nm
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FIGURE 16. Photograph of fabricated double-coil sensor.

two coils are the same. Also, the silicon wafer specimens are
held on the rotation stage by the vacuum chuck.

Two test modes based on the measurement route are taken:
Radius mode and Globe mode. In the radius mode, only
the thickness distribution data along the diameter direction
of the silicon wafer are collected. It can utilize a few lim-
ited measured values to extract the average thickness of
Cu film on the silicon wafer. In the globe mode, the double-
coil sensor is moving along the x direction and the silicon
wafer rotates along the axial direction simultaneously. The
sensor can detect the Cu film thickness repeatedly from
the center to the edge of the silicon wafer. Also, it real-
timely supports the SFP machine to adjust the amount of
electrolyte on the silicon wafer according to the thickness
distribution and guarantees the uniformity of Cu film removal
rate.
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FIGURE 18. (a) Radius mode, and (b) inductance differences with
different LODCs for specimens in Group 1.

C. MEASURED RESULTS AND DISCUSSION

The specimens in Group 1 are used to calibrate the experiment
setup. During the experiment, the LOD (%) between the Cu
film and the coil 1 is varying from 1.2 mm to 0.8 mm
with a step of 0.05 mm, which means the LODC (A#h) is
from -0.2 mm to 0.2 mm. The double-coil sensor is fixed
and the two coaxial coils are located at the measurement
point which is 8 mm away from the center point as shown
in Fig. 18(a). Along the diameter direction of the silicon
wafer, the average voltage of each coil-capacitor tank is
measured and then the inductance of the coil is extracted.
The relationship between the inductance difference of the
two coils and LODC is analyzed and presented in Fig. 18(b).
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FIGURE 20. Inductance differences with different LODCs for specimens
in Group 2.
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FIGURE 21. SOR under different thicknesses of Cu films for specimens
in Group 2.

As the LODC increases, the inductance difference also
increases. Furthermore, the SOR values respectively corre-
sponding to the specimens in Group 1 are extracted and fitted
by using the linear least-squares fitting method. The fitted
curve is displayed in Fig. 19. When the thickness of Cu film
increases, the SOR value also increases. The measured data
show a good agreement with the simulated results as shown
in Fig. 13.

The specimens in Group 2 is used to evaluate the accu-
racy of the proposed measurement method. The inductance
differences with different LODCs for prepared specimens in
Group 2 are collected and shown in Fig. 20. Then, the SOR
values under different thicknesses of Cu films are extracted
and displayed in Fig. 21.
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FIGURE 23. Globe mode measurement and error analysis. (a) Globe
mode, (b) standard error.

As a comparison, the specimens in Group 2 are also mea-
sured by the 4PP method. Both measured results from the
proposed measurement method and 4PP method are shown
in Fig. 22, where they show a good agreement. The relative
error x is defined by

8x = |(x — x0)/x0| x 100% (25)

where x is the measured value from the double-coil sensor
and x is the precise thickness of Cu film on the silicon wafer
obtained by the 4PP method. The relative error is calculated
and drawn in Fig. 22, and the maximum relative error is 4.7 %,
which satisfies the requirement in the SFP application.

D. ERROR ANALYSIS

Fig. 23(a) shows the measurement point distribution on the
whole silicon wafer by using the global mode. By utilizing
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80 measurement points along the measurement route,
the thickness profile on the silicon wafer is acquired. By the
noncontact measurement method based on double-coil sen-
sor, the data collection is repeatedly operated 10 times at
every measurement point. Then, 800 measured values are
processed by the formula of the standard error o, which is
defined

as

1
0= 2 G np 26)

where N is the repeated measurement times at each measure-
ment point, x; is the measured value, and u is the arith-
metic mean of N measured values. For different specimens
in Group 2, the standard errors are resolved and fitted at
different measurement points, as shown in Fig. 23(b). It is
found that the standard errors are between 2 nm and 13 nm.
Similarly, the experiment is conducted by the measurement
method based on a single coil, and the calculated standard
errors are shown in Fig. 23(b), which vary from 10 nm to
30 nm. It is obvious that the standard errors increase with
the measurement points moving toward the edge of the sil-
icon wafer due to more runout position error at the edge of
the silicon wafer. By comparison, the proposed noncontact
measurement method based on double-coil sensor is more
effective to eliminate the vibration effect of silicon basement
and reduces the measurement error.

Referring to the above illustrations and experiments,
the proposed measurement method procedure is summarized
and presented in Fig. 24. Firstly, the measurement system
based on double-coil sensor needs to be calibrated. A series
of specimens with different thicknesses of Cu films on the
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silicon wafer are prepared and then measured by both the
4PP method and proposed double-coil sensor. The relation-
ship between SOR and thickness of Cu film is determined
and saved as the reference data set. Then, the radius and globe
modes can be selected, and the SOR is extracted. By compar-
ison with the reference data, the thickness of Cu film can be
obtained.

V. CONCLUSION

In this paper, a novel noncontact measurement method based
on double-coil sensor has been investigated to measure the
thickness of Cu film on the silicon wafer, which gives rise
to the nondestructive and LODC-immune advantages for
SFP application. Due to the linear inductance difference with
LODC between two identical coaxial coils and Cu film,
their relationship is extracted to confirm the thickness of
Cu film on the silicon wafer, which rejects the disturbance
of the LODC occurring in the measurement system by using
a single coil. The interaction equivalent circuit model of
Cu film and two coils of double-coil sensor is discussed as
well as the coil design and its lumped parameter extraction are
analyzed. Meantime, the electromagnetic field simulations
are conducted to observe the distribution and intensity of the
magnetic field under different Cu film thicknesses. Extensive
experiments are implemented to demonstrate the theoretical
analysis and feasibility of the proposed measurement method
and further validate the capability for the submicron thick-
ness measurement of Cu film which ranges from 100 nm to
500 nm. The maximum relative error of 4.7% and standard
error ranging from 2 nm to 13 nm are got for prepared spec-
imens. In the future, the spatial resolution will be improved
and the proposed measurement system is further optimized to
be applied in the SFP machine.
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