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The temperature of a semiconducting Si substrate surface exposed to an Ar plasma was mon-
itored in-situ by using a homemade thermocouple system at inductively coupled plasma (ICP)
powers ranging from 300 to 600 W. The temperature of the Si substrate was also simulated by
using computational fluid dynamics (CFD). The substrate surface temperature was analyzed ex-
perimentally and theoretically as a function of ICP power and time. In addition, a simulation of
the temperature distribution as a function of ICP power and location was performed by using CFD
for cross sections of the Si substrate and the electrode chuck underneath.
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I. INTRODUCTION

Si etching techniques using inductively coupled plasma
(ICP) have been developed with the miniaturization
trend of semiconductor applications such as 3-D device
packaging, sensors, and microelectromechanical system
(MEMS) [1–3]. Measurements of the surface temper-
ature of a Si substrate exposed to a plasma are impor-
tant because the etching properties, such as etching rate,
etching anisotropy, surface roughness, etc., are closely re-
lated to the temperature of the substrate surface [4–7].
Previously, the temperature of the surface of a substrate
exposed to a plasma was measured using a thermocouple
placed inside a wafer electrode. This method is simple,
but a temperature difference may exist between the elec-
trode and the surface [8].

Some studies were conducted to monitor the surface
temperature of the substrate. A fluoroptic thermome-
ter attached to the wafer surface was used to monitor
the surface temperature as a function of the pressure of
the He cooling gas, the bias power and clamping when
the wafer was exposed to an Ar plasma [9]. Laser ellip-
sometry using He and Ne was used for in-situ monitor-
ing of the wafer surface temperature [10]. A novalic-
diazonaphthoquinone photoresist coated on the wafer
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was used to measure the wafer surface temperature [11].
This method is simple, but has a limitation as an out-
situ technique. Diffusive reflective spectroscopy was also
used to monitor a wafer surface exposed to a plasma
[8,12]. Arrays of peak temperature indicators were used
to monitor the chemical phase changes [13]. A tempera-
ture sensor wafer was a device that uses a thermistor to
monitor the temperature of the wafer surface [14].

Other studies used the analytic solution of heat trans-
fer considering steady state to predict the temperature of
substrate [15]. And simulated temperatures were com-
pared with the experimentally monitored temperatures
when the back side cooling of substrate was not deliber-
ately performed for studying the early transient temper-
ature rise [16]. However, in their work steady state does
not reflect the actual heat transfer of Si substrate, as
substrate cooling is essential to plasma etching process
for fabrication of semiconductor devices. In addition,
it is difficult to obtain the analytic solution when the
boundary condition cannot be simply set, due to many
variables involving the Si substrate.

In this study, the temperature of a Si substrate surface
exposed to an Ar plasma was monitored in-situ by using
a self-developed homemade thermocouple. The tempera-
ture distribution on a cross section of the Si substrate was
simulated as a function of ICP power, time, and cross-
section location by using the FLUENT software based
on the computational fluid dynamics (CFD). It can sim-
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Table 1. Temperature of the cooling water at the outlet and inside the cooling line for various induced ICP powers (Cooling
water at inlet of cooling line = 288.2 K).

Induced Temperature of cooling water Temperature of cooling water

ICP power (W) at outlet of cooling line [K] in cooling line [K]

300 288.9 288.55

400 289.3 288.75

500 289.7 288.95

600 290 289.1

ulate heat transfer numerically using the finite difference
method [17]. Analytic technique using partial differen-
tial equation was found unsuitable to correctly solve the
heat transfer of a Si substrate placed in our unique ex-
perimental setup. To consider the substrate cooling, con-
vection heat transfer coefficient between electrode chuck
and cooling water was obtained from Nusselt number.
Generally, the main factor increasing temperature of a
Si substrate exposed to Ar plasma is physical bombard-
ment of Ar+ incident to the negatively biased substrate.
Exothermic chemical reaction between Ar plasma and
Si does not occur, as Ar is an inert gas. Therefore Ar
plasma was used for this study to quantitatively calculate
the heat flux onto a Si substrate. The temperatures ob-
tained using the homemade thermocouple and the CFD
simulation were compared and reliability tested.

II. EXPERIMENTAL APPARATUS

1. Inductively Coupled Plasma Etcher

Figure 1 shows a schematic diagram of an ICP etcher
including the homemade in-situ temperature monitor-
ing system and the Langmuir single probe system. The
ICP power supply with a frequency of 13.56 MHz, which
is electrically connected to an ICP coil, generates up to
1500 W. In this study, the distance between the electrode
chuck and the ceramic plate under the ICP coil was fixed
at 8 cm. A bias power supply of 12.50 MHz generates up
to 500 W and was connected electrically to the aluminum
electrode chuck, resulting in a negative self-bias voltage
at the Si substrate placed on the electrode chuck surface.
The diameter of the chuck surface was 200 mm. Ar gas
was injected into the chamber through a mass-flow con-
troller. The chamber was pumped using a rotary pump
and a turbo-molecular pump. The pressure in the cham-
ber was controlled using a throttle valve located between
the chamber and the turbo- molecular pump.

To cool the Si substrate and electrode chuck, cooling
water was introduced into the cooling line of circular
tubing inside the chuck. The cooling water supply was
connected to the inlet of the cooling line, and cooling
water at 288.2 K was flowed at 0.02 kg/s. In this study,
the Ar plasma was discharged at a bias power of 30 W,

Fig. 1. (Color online) Schematic diagram of an inductively
coupled plasma etcher.

a gas flow rate of 70 sccm, and a chamber pressure of
30 mTorr. Under these plasma processing conditions,
the temperatures of the cooling water at the outlet and
inside the cooling line were measured as functions of ICP
power, as shown in Table 1. The temperature of cooling
water in the cooling line was assumed to be the average
of the temperatures of the water at the inlet and the
outlet of the cooling line.

A Si substrate with a dimension of 2 × 2 cm2 and
a thickness of 750 µm was placed at the center of the
electrode chuck surface with the help of a thermal paste
made of metal compound used for efficient cooling of the
Si substrate. The temperatures of the cooled chuck and
the Si substrate were measured to be 289.95 K without
plasma discharge.

A Langmuir probe was introduced into the chamber
to estimate the plasma properties such as electron den-
sity (ne), plasma voltage (Vp), and electron temperature
(kBT e). The probe tip exposed to Ar plasma was made
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Table 2. Basic parameter set in (a) GAMBIT and (b) FLUENT for simulation.

(a)

Parameters to be set Set values and conditions

Dimension of Continuum 1 [mm2] 0.1 × 0.05

one lattice in mesh Continuum [mm2] 0.05 × 0.05

Boundary 1 Wall

Boundary 2 Wall

Boundary Boundary 3 Wall

type Boundary 4 Wall

Boundary 5 Wall

Boundary 6 Wall

Continuum Continuum 1 Solid

type Continuum 2 Solid

(b)

Paranmeters
Set values and conditions

to be set

versions Two-dimensional

Continuum 1 Density [kg/m3] 2719

(same as Si Thermal conductivity [W/m·K] 202.4

Property properties) Specific heat [J/kg·K] 871

conditions Continuum 2 Density [kg/m3] 2330

(same as A1 Thermal conductivity [W/m·K] 712

Gauge pressure [pascal] 0

Initial Continuum 1 X velocity [m/s] 0

condition and 2 Y velocity [m/s] 0

Temperature [K] 289.95

Boundary 1 Heat flux (q′′) was applied

Boundary 2
Convection heat transfer coefficient (h) was applied.

Stream temperature [K] 288.84

Boundary 3 Non-heat flux was applied.

Boundary Boundary 4 Non-heat flux was applied.

condition Thermal contact between continuum 1 and

Boundary 5 Continuum 2 was applied. Thermal contact

resistance was ignored.

Boundary 6 Non-heat flux was applied.

Boundary 7 Non-heat flux was applied.

Operating
Pressure Operating pressure [mTorr] 30

condition Gravity
Gravitational X [m/s2] 0

acceleration Y [m/s2] -9.8

State Unsteady state

Time Time step size [s] 0.1

Number of time steps 4,000

of tungsten. The wire has a diameter of 550 µm and a
length of 1 cm. Distance between probe and electrode
chuck surface was fixed at 1.5 cm.

2. Temperature Monitoring System

Figure 2(a) shows a schematic diagram of the home-
made thermocouple. Figure 2(b) shows the method to
make contact of the thermocouple tip, as the tempera-
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Fig. 2. (Color online) Schematic diagram of the (a) self-
developed thermocouple system on the electrode chuck, and
the (b) tip (temperature sensing part) of a thermocouple
coated with insulating materials.

ture sensing part, to the Si substrate. The thermocouple
wire was wrapped in insulator, which was made from
polyimide tape. The thermocouple tip was coated with
a small drop of insulator, which was made of alumina.
A high temperature was then applied to cure the drop.
The thermal conductivity of the cured ceramic was 0.79
W/m·K. The insulators was designed to minimize the
leakage current generated when the wire in contact with
the plasma with many electrons and ions. An electro-
thermometer connected to the thermocouple transmits
data to a computer to obtain the temperature - time re-
lationship. The temperature was monitored every 10 s.

III. SIMULATION SET-UP

The CFD simulation software used in this study con-
sisted of GAMBIT 2.3.16 and FLUENT 6.3.26 [17].
Some studies, such as geometric modeling, mesh forma-
tion in the model, and setting of the boundary and the
continuum type, are performed by GAMBIT. Other in-
vestigations, such as settings of the initial, boundary,
property, operating, and time conditions and the predic-
tion of the thermal distribution according to time and
location in the model, are performed by FLUENT.

Figure 3(a) shows a schematic diagram of the Si sub-
strate, the electrode chuck, and the cooling line. The
position of the cross section is indicated by red solid
line, as shown in Fig. 2(b). The region marked in the
red dotted line, as shown in Fig. 3(a), is taken for ge-
ometric modeling in GAMBIT. Figure 3(b) shows the
geometric model formed by GAMBIT. Table 2 presents
the parameters used for the GAMBIT and the FLUENT
simulations. The descriptions of some parameters are

Fig. 3. (Color online) (a) Schematic diagram of cross-
sections of Si, the chuck, and the cooling water line. (b)
Two-dimensional geometric modeling using GAMBIT.

as follows: In Table 2(b), 289.95 K as the initial tem-
perature of continuums 1 and 2 was obtained from the
above-mentioned temperature of the cooled Si substrate
and the electrode chuck before the Ar plasma discharge
was turned on. The heat flux acting on boundary 1 was
considered to be the Ar+ bombardment energy toward
the Si substrate. 288.84 K, as the stream temperature
acting on boundary 2, was the mean temperature of the
cooling water in the cooling line, as shown in table 1.
(The mean value was used because of the small temper-
ature difference with ICP power variation.) The convec-
tion heat transfer coefficient acting on boundary 2 was
considered to be the heat transfer coefficient between the
cooling water and the electrode chuck. The heat transfer
acting on boundaries 3 and 4 was ignored because Ar+
incident vertically upon the Si substrate was difficult to
reach the side of the substrate.

To verify the heat transfer of the thermal paste be-
tween the Si substrate and the chuck, the following ex-
periment was performed at a chamber pressure of 30
mTorr without turning plasma on. As shown in Fig. 3(a),
surface temperatures of the chuck and the Si substrate
were monitored every 10 s for 18 min when the chuck
was cooled by liquid nitrogen introduced into the cool-
ing line. Liquid nitrogen has a boiling point of -196 ◦C.
After the introduction of liquid nitrogen ceased, the sur-
face temperature was monitored for 192 min while the
chuck was warmed by nitrogen gas of room temperature.
Differences between the surface temperatures of the Si
substrate and the electrode chuck were little as shown in
Fig. 4. This implies that the thermal resistance of the
thermal paste is very small. Therefore the contact resis-
tance acting on boundary 5 between continuums 1 and
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Fig. 4. (Color online) Surface temperature of the chuck
and of the Si substrate as functions of cooling and warming
(Red line indicating the temperature of the Si surface and
blue line indicating the temperature of the chuck surface are
almost identical).

2 was ignored.
The simulation processing time was 400 s for the

plasma discharge time with time intervals of 0.1 s, for
a total number of time steps of 4,000. The thermal dif-
fusion equation used for this simulation is [18]
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IV. RESULTS AND DISCUSSION

1. In-situ Temperature Monitoring of the Si
Surface

Figure 5 shows a schematic diagram of a cross section
of the Si substrate and of the homemade thermocouple
system. The maximum height of alumina used for insu-
lating the tip of the thermocouple was ∼850 um. When
the ICP plasma is discharged, a sheath of ∼ hundreds
of micrometers in thickness was formed near the surface
of the Si substrate [19,20]. Ar+ bombards the outer sur-
face of alumina, while alumina is cooled by the cooling
water circulating in the cooling line. The thermal ener-
gies generated by Ar+ bombardment and cooling process
were transmitted to the tip of the thermocouple through
alumina. Therefore, the temperatures of the tip of the
thermocouple and of the surface of the Si substrate were
assumed to be identical.

Figure 6(a) shows the temperature monitored in-situ
as a function of ICP power by using the homemade ther-
mocouple system. The processing parameters such as
the bias power, chamber pressure, and gas flow rate, are
mentioned under experimental apparatus of the previous
section. Figure 6(b) presents the simulation results for
the surface temperature as a function of the ICP power.

Fig. 5. (Color online) Schematic diagram of a cross-section
of the Si substrate with homemade thermocouple system.
(The thermocouple tip is located in insulator made of alu-
mina).

2. CFD Simulation

A. Convection heat transfer coefficient at boundary 2

The Nusselt number was used to obtain the convec-
tion heat transfer coefficient at boundary 2, as shown
in Fig. 3(b) and Table 2(b). The Nusselt number is ex-
pressed as [18]

NuD =
hK

K
= 4.36, (2)

where h [W/m2·K] is the convection heat transfer coef-
ficient, D [m] is the diameter of the cooling line, and k
[W/m·K] is the thermal conductivity of the cooling wa-
ter in the cooling line. From this number, the convection
heat transfer coefficient generated in the cooling line of
the circular tube in electrode chuck can be obtained. The
following assumptions are needed to use this number [18]:
1) a constant heat flux is applied to the cooling line, 2)
the energy generated by the heat flux is dissipated by
the cooling water circulating the cooling line, 3) the flow
pattern of the water in the cooling line is laminar, and
4) the flow is fully developed.

In this study, the constant heat flux generated by the
constant discharge of the Ar plasma acted on the elec-
trode chuck with a cooling line through the Si substrate.
The energy generated by the incident heat flux to the
Si substrate’s surface is transmitted to the cooling wa-
ter, resulting in a temperature increase. If the Reynolds
number denoted as ReD is <2,300, the flow pattern of
cooling water is considered to be laminar [18]. ReD is
expressed as

ReD =
4ṁ

πDµ
< 2, 300, (3)

where ṁ [kg/s] and µ[N·s/m2] are the flux and the vis-
cosity of the water in the cooling line, respectively. As
mentioned before, the average temperature of the cool-
ing water in the cooling line at various ICP powers was
288.84 K. At this temperature, µ was estimated to be
1116 × 10−6 N·s/m2 [18]. As mentioned previously, D
is 0.011 m and ṁ is 0.02 kg/s. As a result, ReD was
calculated to be ∼2,075, indicating that the flow of the
cooling water can be considered to be laminar.
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The hydrodynamic entry length, which is expressed
as xfd,h, as the distance from the entrance of a tube to
the point where the flow becomes fully developed can be
obtained from [18](xfd,h

D

)
lam

= 0.05ReD. (4)

The flexible tube connecting the inlet of the cooling line
and the water supply source as shown in Fig. 1 has a
length of 2 m and a diameter of 0.011 m. The µ of
the cooling water in this tube was estimated to be 1132
× 10−6 N·s/m2 from the cooling water temperature of
288.2 K [18]. ReD of the cooling water in the flexible
tube was estimated to be 2,046 from Eq. (3). Therefore,
xfd,h was calculated to be 1.12 m from Eq. (4). This
means that the flow of the cooling water in the cooling
line is already fully developed in the flexible tube and is
introduced into the cooling line in the chuck.

Equation (2) can be used to obtain h because all the
four assumptions can be accommodated by the actual
condition of this study. From Eq. (2), k was estimated
to be 0.596 W/m·K because the temperature of cooling
water in the cooling line was 288.84 K [18]. Therefore, h
was calculated to be 236.2 W/m2·K.

B. Numerical modeling of the heat flux at boundary 1

The following equation is used to construct the numer-
ical model of the heat flux at boundary 1, as shown in
Fig. 3(b) and Table 2(b):

Wtotal = WiJiAt, (5)

where Wtotal [J] is the bombardment energy generated
from all Ar+ ions incident on the Si substrate’s surface,
Wi [J] is the bombardment energy of a Ar+ ion incident
on the surface, Ji [/sec·m2] is the ion flux generated from
the Ar+ ions incident on the surface, A [m2] is the surface
area, and t [s] is the plasma discharge time.

Wi expressed as [21]

Wi = Eex = Eedi, (6)

where E [V/m] is the electric field, e [C] is the elementary
electric charge, and di [m] is the travel distance of Ar+.
E is expressed as

E =
Vp − kBTe/2e− Vbias

di
, (7)

where Vp [V] is the plasma potential, kBTe [eV] is the
electron temperature, and Vbias [V] is the bias potential.
kBTe/2e is considered to be the potential drop as shown
in Fig. 7. [21]. Thus, we obtained

Wi =
(

Vp −
kBTe

2e
− Vbiase

)
. (8)

Table 3. Set values of the physical parameters used in the
model.

Parameter Name
ICP power Pressure Value

(W) (mTorr) measured

300 3.750

ne
Plasma density 400

30
4.875

[1011/cm3] 500 5.948

600 6.840

kBTe
Electron

300 ∼ 600 30 2.3
temperature [eV]

Vp
Plasma

300 ∼ 600 30 17
voltage [V]

Table 4. Calculated heat flux (q′′) for various induced ICP
powers.

Induced Heat flux (q′′) acting an

ICP power (W) boundary 2 [W/m2]

300 5580.8

400 7255.0

500 8851.9

600 10179.4

The ion flux (Ji) at the sheath boundary can be approx-
imated by [21]

Ji = 0.6ni

√
kBTe

mi
= 0.6ne

√
kBTe

mi
, (9)

where ni [/m3] is the ion density, ne [/m3] is the electron
density, and mi [kg] is the mass of Ar+. At the sheath
boundary, ni is assumed to be the same as ne as shown
in Fig. 7. And Vf (floating potential), Vp, Vbias, di, and
the sheath boundary region can be shown schematically:
See Fig. 7.

The following equation which is related to heat flux q′′

[W/m2], can be obtained by applying Eqs. (8) and (9)
to Eq. (5):

Wtotal = q′′At =
{(

Vp −
kBTe

2e
− Vbias

)
e
}

×

{
0.6ne

√
kBTe

mi

}
At. (10)

Vp, kBT e, and ne as functions of ICP power are listed
in Table 3. These measured values shown in Table 3
are similar to the results of the other studies where the
properties of Ar plasma are obtained as functions of ICP
power by using a Langmuir probe at a chamber pressure
of 30 mTorr [22–24]. The bias power has little effect on
ne [25]. Vbias was assumed to be -50 V at a bias power
of 30 W [26]. mi is 6.64 × 1026 kg and 1 eV is 1.6 ×
10−19 J. When the ICP power is 300 W, q′′ is estimated
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Fig. 6. (Color online) (a) in-situ Temperature monitoring
of the Si surface as a function of the ICP power by using a
homemade thermocouple. (b) In-situ temperature simulation
of boundary 1 (B1) as a function of the ICP power.

to be

q′′ =
{ (

17[V]− 2.3[eV]
2e

− (−50[V])
)

×
(
1.6× 10−19[J/V]

) }
×

{(
0.6× 3.75× 1017[/m3]

)
×

√
2.3× 1.6× 10−19[J]

6.64× 10−26[kg]

}
= 5580.8 w/m2

. (11)

Table 4 lists the estimated q′′ as a function of ICP power.
The estimated q′′ is set to act on boundary 1. If the bias
power is constant, ne is considered to be the key variable
in changing q′′ as a function of ICP power.

C. Temperature simulation vs. ICP power

Figure 6(b) shows the in-situ average temperature re-
sults at boundary 1 as a function of the ICP power, as
obtained using CFD simulation. Boundary 1, as shown
in Fig. 3(b), is consistent with the Si substrate surface.

Fig. 7. (Color online) Schematic diagram of sheath forma-
tion near a Si substrate exposed to an Ar plasma.

Figures 6(a) and (b) show the general tendencies for the
temperature change: (1) the temperature increases in
the beginning, but is saturated after a certain time has
elapsed, (2) the saturated temperature is increased with
increasing ICP power, and (3) the time elapsed to reach
the saturation temperature is increased with increasing
ICP power. When υex is the experimental value and υth

is the theoretical value, percent error known for general
reliability-test is expressed as

δ =
|νex − νth|

|νth|
× 100 =

|∆TM −∆TE |
|∆TE |

× 100. (12)

∆TM and ∆TE are the surface temperature differences
between initial and saturated states generated from the
Figs. 6(a) and (b), respectively. When the ICP power
is 300, 400, 500, and 600 W, δ is within the acceptable
range at 2.5, 2.8, 4.1, and 5.2 %, respectively.

When the ICP power was increased from 300 to 600 W,
the saturated temperature increased from 293.9 to 311.7
K in Fig. 6(a) and from 293.8 to 312.8 K in Fig. 6(b). The
reasons for the difference in the saturated temperature
increase as a function of ICP power between Figs. 6(a)
and (b) are as follows: In Fig. 6(a), the thermocouple
tip to sense the temperature was coated with the cured
alumina with a thermal conductivity of 0.79 W/m·K,
which is smaller than the thermal conductivity of Si of
147 W/m·K. This insulator can affect the tip sensing
temperature. When the boundary was set, the cooling
line nearest to the Si substrate was considered in the sim-
ulation, as shown in Fig. 3(a). There is no heat transfer
on boundaries 6 and 7, as shown in Fig. 3(b) and Table
2(b). However, the actual length of the cooling line in the
electrode chuck is 1.24 m, and thermal energy generated
by q′′ acting on the Si substrate can be transferred by
passing boundaries 6 and 7. Because of this, the actual
h can be larger than the set h of 236.2 W/m2·K.

Figure 8 shows the temperature distributions of con-
tinuums 1 and 2 (Fig. 3(b)) as functions of location when
the number of time steps is 4,000. In each display, the
region showing the maximum temperature is indicated
in red while the region showing the minimum tempera-
ture is indicated in blue. When the ICP power is 300 W,
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Fig. 8. (Color online) Temperature distribution simula-
tions on continuums 1 and 2 as a function of the ICP power.
(The number of time steps is 4,000).

the distributions of continuums 1 and 2 do not depend
on height. This suggests that cooling is more effective
than heating. When the ICP power is increased from
300 to 600 W, the temperature distributions of continu-
ums 1 and 2 clearly depend on height. The differences
in the average temperatures between boundaries 1 and 5
(Fig. 3(b)) were simulated to be 0.0077, 0.0156, 0.0445,
and 0.0692 K for ICP powers of 300, 400, 500, and 600
W, respectively. This difference in average temperature
is the same as the simulated temperature difference be-
tween the surface of the Si substrate exposed to the Ar
plasma and the surface of the chuck underneath.

V. CONCLUSION

A homemade thermocouple system was used to moni-
tor the temperature of a Si substrate surface exposed to
an Ar plasma. The temperature distribution as a func-
tion of time, location, and ICP power was simulated us-
ing CFD for the Si substrate and the electrode chuck un-
derneath. Both the methods, the experimental measure-
ment and the CFD simulation, can incur errors. How-
ever, the results for the temperature changes obtained by
the two methods showed the common tendencies. In the
simulation, standardization of the temperature distribu-
tion is gradually more apparent for continuums 1 and 2

when the ICP power is increased from 300 to 600 W. The
temperature difference between the surfaces exposed to
the Ar plasma and attached to the electrode chuck is
small, in the range from 0.0077 to 0.0692 K, when the
ICP power is increased from 300 to 600 W.
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