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Abstract

Plasma heating of a film on a substrate is solved by using the Laplace transform method. The plasma is composed of
a collisionless presheath and sheath on an electrically negative bias film partially reflecting and secondly emitting ions
and electrons. The heating of the film from the plasma accounting for the presheath and sheath is determined from the
kinetic analysis. This work proposes an analytical model to calculate the melting time and heating rate of the front sur-
face of a film on the substrate, and provides quantitative results applicable to control the temperature evolution and the
melting time in the film. The predicted surface temperature of the film on the substrate as a function of time is found to
agree well with experimental data. The effects of dimensionless bias voltage, reflectivities of the ions and electrons on the
wall, electron-to-ion source temperature ratio at the presheath edge, ion-to-electron mass ratio, charge number, plasma
flow work-to-heat conduction ratios, substrate-to-film solid thermal conductivity ratios, and film-to-substrate solid spe-
cific heat ratios on the melting time and heating rate of the front surface are obtained. The contact Biot number between
the film and substrate to simulate the heat conduction into substrate is also discussed. The results show that the melting
time is strongly dependent on the plasma parameters and thermal properties of the material.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Plasma etching, spray deposition, sputtering, cutting,
surface treatment, and nuclear fusion devices, etc. are
controlled by energy transfer from the plasma to sur-
faces. When a plasma is in contact with a workpiece sur-
face, a thin layer called the sheath or space-charge
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region exists on the wall [1]. The presheath (�10�4 m),
which lies between the bulk plasma and sheath, is an
ionization region to supply the ions lost to the wall
and accelerates the ions up to and beyond sonic speed
before entering the sheath, as first explicitly pointed
out by Bohm [2]. Heat transport in the workpiece is
determined by the plasma energy transfer, which is con-
trolled by the parameters such as the charge number,
mass and temperature ratios of the ions and electrons
generated in the presheath, and properties of the wall,
etc. Several plasma-based techniques may be employed
ed.
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Nomenclature

B defined in Eq. (18)
Bi Biot number, Bi = h1s/kf, Bia = has/kf,

Bic = hcs/kf
Cp specific heat
Cpfs the ratio of specific heat, Cpfs = cpf/cps
D Dawson function
e electron charge
Ei dimension and dimensionless ionization

energy, Ei = Ei/kBTe0

h heat transfer coefficient
j dimension and dimensionless current den-

sity, j = j/ene0(KBTe0/mi)
1/2

k solid thermal conductivity
kB Boltzmann constant
Ksf substrate-to-film solid thermal conductivity

ratio, Ksf = ks/kf
m particle mass
M ion-to-electron mass ratio, M = mi/me

n particle density
Q dimension and dimensionless total energy

flux Q = Q/[ne0kBTe0(kBTe0/mi)
1/2]

s the thickness of thin film
t time
T temperature
x Cartesian coordinate
Zi charge number

Greek symbols

H plasma flow work-to-thermal conduction
ratio, H = ne0kBTe0(kBTe0/mi)

1/2/(kfT1/s)

e defined in Eq. (18)
k dimensionless temperature, k = (T � T1)/

T1
a dimensionless thermal diffusivity
n dimensionless coordinate, n = x/s
u dimension and dimensionless work function,

u = u/kBTe0

j electron-to-ion source temperature ratio at
presheath edge, j = Te0/Ti0

c reflectivity
q density
qfs the ratio of density, qfs = qf/qs
s dimensionless time, s = kft/qfcpfs

2

/, v dimensional and dimensionless potential,
v = �e//kBTe0

X, X1b functions, defined in Eqs. (2) and (4), respec-
tively

Subscripts

b boundary between sheath and presheath
bias negative bias voltage
e, i electron and ion
f floating condition or a film
ff finite film
m melting
s substrate
tot total
w wall
0, 0 0 coordinate origin at / = 0 and n = 0, respec-

tively, as shown in Fig. 1
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to control energy and mass fluxes of the ions and elec-
trons. For example, the application of a direct current
(DC) bias or radio frequency (RF) bias can be used to
accelerate the ions and retard the electrons from the
plasma to the surface.

Thermal conditions at the workpiece surface play
an important role in plasma–wall interactions. They
strongly affect elementary processes, such as adsorption,
desorption, diffusion, and chemical processes in semi-
conductor manufacturing and the lifetime of plasma fac-
ing materials in fusion devices. Especially in the case of
thin film deposition, the structure and morphology of
the layers depend sensitively on the thermal conditions
at the surface. The surface temperature is strongly influ-
enced by the plasma energy, due to energetic particle
bombardment. Over the past decades there has been
intensive research to study energy transport encountered
in the cathode or near wall region of electric arc
discharges, lamps, fusion devices, edge plasmas, ion
implantation, deposition, etching, etc. [3–11]. Predic-
tions of melting time, heating rate at the front surface
and temperature distributions in a workpiece in contact
with the plasma as functions of plasma characteristics
and thermal properties of workpieces are still incomplete
[12–16].

The aim of the present work is to solve the plasma
heating of a film on a substrate by using the Laplace
integral transform method. The film experiences heat-
ing induced by energy flux coming from the bulk
plasma through the presheath and sheath to the surface,
based on the analysis from a previous work [4]. In this
study, a one-dimensional unsteady heat conduction
model is developed to systematically predict unsteady
temperature distributions in the film and substrate,
and calculate the melting time and heating rate of the
front surface of the film on the substrate subject to a
negative bias voltage. The effects of the plasma charac-
teristics and properties of the film and substrate on heat-
ing process of the film are quantitatively and rigorously
provided.
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2. Analytical model

In this study, a film on an semi-infinite substrate and
a film of finite thickness s at initial temperature T0 are
subjected to energy transport from plasma, as illustrated
in Fig. 1(a) and (b), respectively. The plasma comprised
of the bulk plasma, presheath and sheath is in contact
with an electrically negative bias wall partially reflecting
or secondly emitting ions and electrons. When a negative
bias voltage is applied to the film, high plasma energy
including the total energies of the ions and electrons
incident on the front surface increases temperatures in
the finite film and film on the substrate and readily re-
sults in solid–liquid transition. Conduction is removed
by convection at the bottom surface of the finite film
with heat transfer coefficient h1. The major assumptions
made are as follows [4,16,17]:

1. The model is one-dimensional due to a thin thick-
ness of the region considered.
(a)

(b)

Fig. 1. Sketch for the physical model and coordinates: (a) a film
on a substrate and (b) a finite film.
2. The plasma energy flux incident on the front sur-
face of the film is considered as a surface heat
source.

3. The plasma is in a quasi-steady state. The incident
plasma irradiance on the front surface of the finite
film and film is independent of time, while heat
transfer in the film and substrate is unsteady.

4. The transport processes in the plasma in contact
with the workpiece surface can be modeled as
those in the plasma between two parallel plates.

5. The presheath and sheath are imposed by a negligi-
ble magnetic field or a magnetic field in a direction
parallel to the ion flow. As a result, the one-dimen-
sional ion flow can be assured.

6. The workpiece surface is electrically biased.
7. The ionization rate is determined from the Emm-

ert et al.�s model [18]. Thermionic and field emis-
sions of ions and electrons are ignored.

8. The effects of neutral particles are ignored.
9. Ion and electron reflectivities are constant. The

secondary emissions of ions and electrons can be
included into the reflectivities [19].

10. The physical and thermal parameters of the film
and substrate can be different. The parameters
of the finite film are the same as the film on the
substrate. Joule heat in the film and energy loss
from thermal radiation are neglected.

11. The interface is in perfect thermal contact between
the film and substrate.
2.1. Plasma energy transport to film surface

The dimensionless plasma energy flux transport to
the negative biased surface is given by [4]

Qtotw ¼ jiw Xþ vw � vb þ
Ei

Z i

� u

� �
þ jewð2þ uÞ ð1Þ

where function

X � 2

Z ij
� 1þ

ffiffiffiffiffi
vb

p

Dð ffiffiffi
v

p
b
Þ

" #
ð2Þ

The ion and electron current densities at the wall in
Eq. (1) are, respectively,

jiw ¼ jib ¼ X1be
�vb ; jew ¼ ð1� ceÞ

ffiffiffiffiffiffi
M
2p

r
e�vw ð3Þ

where function

X1b �
2ð1� cÞ
1þ c

ffiffiffiffiffi
2

Z i

s
1þ Z ij

pj
evbDð ffiffiffiffiffi

vb
p Þ ð4Þ

where c and ce denote the ion and electron reflectivity,
respectively, Zi is charge number and the dimensionless
parameters j and M are electron-to-ion source tempera-
ture ratio at presheath edge and ion-to-electron mass
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ratio, respectively. Dimensionless energies Ei and u are
referred to ionization energy and work function, respec-
tively. Dawson function D(x) is defined in previous
studies [17]. The sheath edge potential vb is satisfied by
[17]

2ffiffiffiffiffiffiffiffiffiffi
pZ ij

p Dð ffiffiffiffiffi
vb

p Þ ¼ eZijvb erfcð
ffiffiffiffiffiffiffiffiffiffiffiffi
Z ijvb

p
Þ ð5Þ

where function erfc(x) is the complementary error func-
tion [17]. The dimensionless wall potential yields [4]

vw ¼ vbias þ vf ¼ vbias þ vb þ ln
1� ce
X1b

ffiffiffiffiffiffi
M
2p

r !
ð6Þ

Differentiating Eq. (1) with vbias leads to

oQtotw

ovbias
¼ jiw � jewð2þ uÞ ð7Þ

Increasing of the bias voltage, the slope of total plasma
energy flux versus bias voltage changes from negative to
positive value [4]. The total plasma energy flux exhibits a
minimum. When vbias � 0, jew ! 0, Eq. (7) can be sim-
plified to

oQtotw

ovbias
¼ jiw ð8Þ

which shows that the total plasma energy flux is linearly
dependent on the bias voltage.

2.2. Plasma heating of a film on the substrate

The one-dimensional, unsteady heat conduction
equations for the film and substrate in dimensionless
forms, respectively, yield

okfðn; sÞ
os

¼ af
o2kfðn; sÞ

on2
ð9Þ

oksðn; sÞ
os

¼ KsfqfsCpfs
o2ksðn; sÞ

on2
ð10Þ

where the dimensionless thermal diffusivity af = 1, the
independent dimensionless parameters are defined as

Cpfs ¼
cpf
cps

; qfs ¼
qf

qs

; Ksf ¼
ks
kf

ð11Þ

The initial and boundary conditions for the film and
substrate are, respectively,

kfðn; 0Þ ¼ 0; ksðn; 0Þ ¼ 0 ð12Þ

� okfð0; sÞ
on

¼ HQtotw ð13Þ

� okfð1; sÞ
on

¼ �Ksf

oksð1; sÞ
on

; kfð1; sÞ ¼ ksð1; sÞ ð14Þ

ksð1; sÞ ¼ 0 ð15Þ

where dimensionless parameter H represents the ratio
between plasma flow work and heat conduction into
the film. Substituting the initial conditions from Eq.
(12), taking the Laplace transform with respect to time
for Eqs. (9), (10) and (13)–(15), solutions of Eqs. (9)
and (10) yield [20]

kfðn;sÞ¼
X1
n¼0

HQtotwB
nþ1 2

ffiffiffi
s
p

r
e�

2ðnþ1Þ�n½ �2
4s �½2ðnþ1Þ�n�

�

�erfc
2ðnþ1Þ�n

2
ffiffiffi
s

p
� ��

þ
X1
n¼0

HQtotwB
n 2

ffiffiffi
s
p

r
e�

ð2nþnÞ2
4s

�

�ð2nþnÞerfc 2nþn
2
ffiffiffi
s

p
� ��

ð16Þ

ksðn;sÞ¼
X1
n¼0

2HQtotw

Bn

ð1þeÞ 2

ffiffiffi
s
p

r
e�

ðn�1Þ
ffiffiffiffiffiffiffiffiffiffiffiffi

1
ksf qfsCpfs

p
þð2nþ1Þ

h i2
4s

8><
>:

� ðn�1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

ksfqfsCpfs

s
þð2nþ1Þ

" #

�erfc
ðn�1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ksfqfsCpfs

q
þð2nþ1Þ

2
ffiffiffi
s

p

2
4

3
5
9>=
>; ð17Þ

where

B ¼ 1� e
1þ e

; e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ksf

qfsCpfs

s
ð18Þ

Substituting n = 0 in Eq. (16), the dimensionless temper-
ature of the front surface is found to be

kfð0; sÞ ¼ 2HQtotw

X1
n¼0

Bnþ1

ffiffiffi
s
p

r
e�

ðnþ1Þ2
s

��

�ðnþ 1Þerfc nþ 1ffiffiffi
s

p
� ��

þBn

ffiffiffi
s
p

r
e�

n2
s � nerfc

nffiffiffi
s

p
� �� ��

ð19Þ

The critical time sm required to initiate melting on the
front surface is determined when kf(0,s) is identical to
kfm. The effects of various processing parameters on
the critical time for onset of melting at the front surface
are determined from Eq. (19). The heating rate at the
front surface of the film is

okfð0; sÞ
os

¼ HQtotwffiffiffiffiffi
ps

p
X1
n¼0

½Bnþ1e�
ðnþ1Þ2

s þ Bne�
n2
s � ð20Þ

The dimensionless temperature at the interface between
the film and substrate is determined by substituting
n = 1 in Eq. (16). This gives

kfð1; sÞ ¼ HQtotw

X1
n¼0

BnðBþ 1Þ 2

ffiffiffi
s
p

r
e�

ð2nþ1Þ2
4s

�

�ð2nþ 1Þerfc 2nþ 1

2
ffiffiffi
s

p
� ��

ð21Þ
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The heat flux at the bottom surface of the film is

� okfð1; sÞ
on

¼ HQtotw

X1
n¼0

Bnð1� BÞerfc 2nþ 1

2
ffiffiffi
s

p
� �

ð22Þ

Thermal analysis of the substrate can be avoided if con-
tact Biot number Bic = hcs/kf, where hc denotes contact
heat transfer coefficient, is introduced. Heat flux there-
fore can be evaluated by

� okfð1; sÞ
on

¼ Bickfð1; sÞ ð23Þ

The contact Biot number Bic is obtained by substituting
Eqs. (21) and (22) into Eq. (23). That is,

Bic ¼
e
P1

n¼0B
nerfcð2nþ1

2
ffiffi
s

p ÞP1
n¼0B

n 2
ffiffi
s
p

p
e�

ð2nþ1Þ2
4s � ð2nþ 1Þerfc 2nþ1

2
ffiffi
s

p
� 	h i ð24Þ

The variation of temperature with time in the film on the
substrate therefore can be calculated by solely solving
the heat conduction equation of the film using the con-
tact Biot number.

2.3. Plasma heating of a finite film

The unsteady, one-dimensional heat conduction
equation in a dimensionless form for the finite film is

okffðn; sÞ
os

¼ aff
o
2kffðn; sÞ
on2

ð25Þ

where the dimensionless thermal diffusivity aff = 1, the
initial and boundary conditions for the finite film are,
respectively,

kffðn; 0Þ ¼ 0 ð26Þ

� okffð0; sÞ
on

¼ HQtotw ð27Þ

� okffð1; sÞ
on

¼ Bikffð1; sÞ ð28Þ

The solution of Eq. (25) is found to be [21]

kffðn; sÞ ¼ �HQtotwnþHQtotw þHQtotw

Bi

� 2HQtotw

X1
m¼1

e�b2ms
ðb2

m þ Bi2Þ cosbmn

b2
m½ðb

2
m þ Bi2Þ þ Bi�

ð29Þ

The variables of bm are eigenvalues satisfied by
tanbm ¼ Bi=bm. The dimensionless temperature on the
front surface of the finite film yields

kffð0; sÞ ¼ HQtotw þHQtotw

Bi
� 2HQtotw

X1
m¼1

e�b2ms

� ðb2
m þ Bi2Þ

b2 ½ðb2 þ Bi2Þ þ Bi�
ð30Þ
m m
The heating rate of the front surface of finite film is

okffð0; sÞ
os

¼ 2b2
mHQtotw

X1
m¼1

e�b2ms
ðb2

m þ Bi2Þ
b2
m½ðb

2
m þ Bi2Þ þ Bi�

ð31Þ

When sm ! 1, we obtain the minimum Biot number re-
quired to prevent from melting at the front surface from
Eq. (30). This gives

Bi ¼ HQtotw

kffm �HQtotw

ð32Þ

Differentiating Eq. (32) with vbias and invoking Eq. (8)
lead to

oBi
ovbias

¼ kffmHjiw
ðkffm �HQtotwÞ

2
ð33Þ

which indicates that the Biot number increases with bias
voltage for vbias � 0. It is interesting to find the relation-
ship between the heat flux at the interface between the
film and substrate and that at the bottom of the finite
film. The artificial Biot number, Bia = has/kf, where ha
denotes an artificial heat transfer coefficient between
the film and substrate, is introduced to simulate the Biot
number of the finite film. The heat conduction flux at the
bottom of the finite film is equal to that at the interface
between the film and substrate.

Bikffð1; sÞ ¼ Biakfð1; sÞ ð34Þ

Substituting Eqs. (21) and (29) at n = 1 into Eq. (34), the
artificial Biot number is found to be

Bia ¼
1� 2Bi

P1
m¼1e

�b2ms ðb2mþBi2Þ cosbm
b2m ½ðb2mþBi2ÞþBi�P1

n¼0B
nðBþ 1Þ 2

ffiffi
s
p

p
e�

ð2nþ1Þ2
4s � ð2nþ 1Þerfc 2nþ1

2
ffiffi
s

p
� 	h i

ð35Þ
3. Results and discussion

To confirm relevancy and accuracy of this model, a
comparison between the predicted and measured surface
temperature as a function of time [22] for a nitrogen
plasma and silicon wafer is shown in Fig. 2. In this case,
the referenced data for comparison are listed in Table 1.
The predicted temperature as a function of time agrees
quite well with experimental data [22]. The deviation
in the predicted temperature being higher and lower
than the experimental data before and after 160 s,
respectively, can be due to the consideration of plasma
energy as a surface heat source in our model. In reality,
the ions of nitrogen penetrate into the film and release
recombination energy at some distance below the
surface.

The effects of ion and electron reflectivities, charge
number, ion-to-electron mass ratio, and electron-to-ion



Fig. 2. Comparisons of predicted dimensional temperature on
the front surface of a film on a substrate versus dimensional
time between this work and the results from Durandet et al.
[22].

Table 1
Values of the data (nitrogen plasma, silicon film and aluminum
substrate) for comparison with experimental data [22]

c 0
ce 0
M 25,686
Zi 1
j 0.1
/bias 118 V
cpf (Si) 700 J/kg K
cps (Al) 896 J/kg K
T0, T1 300 K
kf (Si) 150 W/m K
ks (Al) 238 W/m K
qf (Si) 2330 kg/m3

qs (Al) 2700 kg/m3

s 0.01 m
ne0 4 · 1017 m�3

mi 2.34 · 10�26 kg
Te0 2 · 104 K
Ei 14.6 eV
u 4 eV

Fig. 3. Spatial variation of dimensionless temperature profiles
in the film and substrate affected by: (a) reflectivities of ions
and electrons, ion-to-electron mass ratio, charge number, and
electron-to-ion source temperature ratio and (b) dimensionless
bias voltage, substrate-to-film solid thermal conductivity ratio,
film-to-substrate solid specific heat ratio, and plasma flow work-
to-heat conduction ratio; dashed lines are based on Table 2.

Table 2
Values of the referenced dimensionless parameters

c 0
ce 0
M 1836
Zi 1
j 0.1
Ei 8.0
u 4.0
vbias 0
H 0.003
Ksf 0.003
qfs 1
Cpfs 1
kfm, kffm 2
Bi 5 · 10�4
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source temperature ratio at the presheath edge on
dimensionless temperature profile in the film and sub-
strate at the dimensionless time s = 7 are presented in
Fig. 3(a). The dashed lines are the predicted results
based on the referenced dimensionless parameters from
Table 2, which are estimated from the data for a hydro-
gen plasma, aluminum film and glass substrate. Different
lines specified by different values of dimensionless
parameters represent these parameters being different
from those of the referenced parameters. Symbols and
their values in the legend are referred to the dashed line.
In the case of the referenced case, it can be seen that the
dimensionless temperature profile in the film gradually



Fig. 4. Dimensionless melting time and heating rate at the front surface of the finite film and a film on the substrate affected by: (a)
dimensionless bias voltage; (b) ions reflectivity; (c) electrons reflectivity; (d) electron-to-ion source temperature ratio at the presheath
edge; (e) ion-to-electron mass ratio; (f) charge number and (g) plasma flow work-to-heat conduction ratio.
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Fig. 5. Dimensionless melting time and heating rate at the front
surface of a film on the substrate affected by: (a) substrate-to-
film solid thermal conductivity ratio and (b) film-to-substrate
solid specific heat ratio.
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reduces in the forward direction from 1.62 to 1.48 (the
temperature difference is about 42 K), but rapidly drops
in the substrate. Except for ion-to-electron mass ratio,
increasing of reflectivities of electrons and ions, charge
number, and electron-to-ion source temperature ratio
at the presheath edge result in decreasing of incident en-
ergy of plasma [4] and reducing the temperature profile
in the film and substrate. The effects of dimensionless
bias voltage, plasma flow work-to-heat conduction
ratio, solid thermal conductivity ratio of substrate-to-
film and specific heat ratio of film-to-substrate on the
temperature profiles in the film and substrate at the
s = 7 are shown in Fig. 3(b). The larger the thermal con-
ductivity ratio of substrate-to-film, the quicker the heat
is removed by conduction in the substrate. Hence, the
temperature profile in the film is reduced and the pene-
trating depth of heat in the substrate is increased.
Increasing of plasma flow work-to-heat conduction ratio
and specific heat ratio of film-to-substrate result in
increasing of the temperature in the film. The former is
due to that the incident energy of plasma increases with
plasma flow work-to-heat conduction ratio. The latter is
a result of less heat flux from the film to substrate due to
the higher temperature in the substrate. Because of the
larger the film-to-substrate specific heat ratio, less energy
is required to heat the substrate per degree of tempera-
ture. The variation of plasma energy with dimensionless
bias voltage has a minimum between 0 and 8, as can be
seen in [4] (or see Eq. (7)). Hence, the temperature in the
film decreases and increases at bias voltage of 2 and 8,
respectively.

Dimensionless melting time and heating rate at the
front surface of a finite film and a film on the substrate
as function of dimensionless bias voltage, ions and elec-
trons reflectivities, electron-to-ion source temperature
ratio at the presheath edge, ion-to-electron mass ratios,
charge number and plasma flow work-to-heat conduc-
tion ratios are shown in Fig. 4(a)–(g), respectively. In
these figures, the dashed and solid lines represent the fi-
nite film and the film on the substrate, respectively. The
melting time and heating rate are calculated based on
kfm = kffm = 2 and s = 10, respectively. In Fig. 4(a), the
floating wall potential corresponding to the dimension-
less negative bias voltage is zero. The larger the dimen-
sionless bias voltage, the more the ion and the less the
electron energy transport to the surface, respectively.
The heating rate on the front surface has a minimum
and the melting time has a maximum in this bias voltage
range. The melting time linearly decreases with increas-
ing of bias voltage for higher bias voltage (see Eq. (8)). It
is noted that the melting time and heating rate profiles of
the finite film and film on the substrate are similar.
Increasing of ion-to-electron mass ratios and decreasing
of ions and electron reflectivities, electron-to-ion source
temperature ratio and charge number result in increas-
ing the plasma energy transport to surface [4]. The heat-
ing rate thus is higher and melting time is shorter.
Increasing the plasma flow work-to-heat conduction
ratio implies a higher heat conduction into the film
(see Eqs. (13) and (27)) and shorter melting time. In
the referenced case, the heating rate of the finite film is
higher than that of the film on the substrate, resulting
in the melting time of the former to be shorter than that
of the latter.

Fig. 5(a) and (b) present dimensionless melting time
and heating rate at the front surface of the film on the
substrate as function of substrate-to-film solid thermal
conductivity and film-to-substrate specific heat ratios,
respectively. In Fig. 5(a), increasing of substrate-to-film
solid thermal conductivity ratio implies that the cooling
effect of conduction into the substrate on the front sur-
face of film is strong. Hence, the heating rate and melt-
ing time is reduced and raised, respectively. It can be
seen in Fig. 5(b), in contrast to substrate-to-film solid
thermal conductivity ratio, increasing of film-to-sub-
strate specific heat ratio represents that the effects of
cooling of the substrate on the front surface of the film



Fig. 8. The artificial Biot number versus dimensionless time
affected by Biot number, substrate-to-film solid thermal con-
ductivity ratio and film-to-substrate solid specific heat ratio; the
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is weak. Hence, the heating rate and melting time is
raised and reduced, respectively. Dimensionless melting
time and heating rate at the front surface of the finite
film as functions of Biot number are shown in Fig. 6.
The higher the Biot number, the quicker the heat is re-
moved by convection to the surrounding, resulting in
the heating rate and melting time to be reduced and
raised, respectively.

The contact Biot number versus dimensionless time
affected by the substrate-to-film solid thermal conductiv-
ity and film-to-substrate specific heat ratios are pre-
sented in Fig. 7. The solid line is the predicted results
based on the referenced dimensionless parameters from
Table 2. The cooling effect of the substrate on the film
is higher at the initial time, since the substrate tempera-
ture is at the ambient temperature. The contact Biot
number rapidly drops at the initial time and then mono-
tonically reduces. The latter is a result of the substrate
Fig. 6. Dimensionless melting time and heating rate at the front
surface of the finite film as function of Biot number.

Fig. 7. The contact Biot number versus dimensionless time
affected by substrate-to-film solid thermal conductivity ratio
and film-to-substrate solid specific heat ratio; the solid line is
based on Table 2.

solid line is based on Table 2.
temperature raising and the heat conduction flux be-
tween the film and substrate reducing. Increasing the
substrate-to-film solid thermal conductivity ratio and
decreasing film-to-substrate specific heat ratio indicate
that the cooling effects of substrate on the film is higher,
resulting in increasing of the contact Biot number.

The artificial Biot numbers versus dimensionless time
affected by Biot number, substrate-to-film solid thermal
conductivity ratio, and film-to-substrate solid specific
heat ratio are shown in Fig. 8. The solid line is calculated
based on Table 2. It can be seen on the solid line, the
artificial Biot number rapidly drops from 9.8 · 10�4 to
5.33 · 10�4 for s = 0.01–1, and then monotonically in-
creases to 5.67 · 10�4 at s = 10. The latter results from
the increase of substrate temperature, because the artifi-
cial Biot number must be increased to enhance heat con-
duction flux between the film and substrate. In the
dimensionless time considered, the artificial Biot number
is larger than the Biot number, resulting in the heating
rate of the finite film to be larger than that of the film
on the substrate (it can be seen in Fig. 4(a)–(g)). An
increasing of Biot number increases artificial Biot num-
ber. The effects of substrate-to-film solid thermal con-
ductivity and film-to-substrate solid specific heat ratios
on the artificial Biot number are same as the Fig. 7.
4. Conclusions

(1) Plasma heating of workpieces is important for
plasma processing. It is crucial to control temperature
of the workpieces to prevent from melting in the fusion
devices and improve the ion diffusion rate in ion implan-
tation process. An analytical solution is derived to calcu-
late the melting time and heating rate of the front
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surface of a film on a substrate with negative bias volt-
age in contact with a plasma. This work provides quan-
titative results applicable to control the temperature
evolution and the melting time in the film. The effects
of plasma parameters on heating rates and melting time
in the film are found to be significant. The predicted sur-
face temperature of the film on the substrate as function
of time agrees well with experimental data. The results
can be used to control temperature evolution and the
melting time in the film by choosing appropriate process
parameters.

(2) Temperature and heating rate of the front surface
of the finite film and film on the substrate increase with
increasing the ion-to-electron mass ratio, film-to-sub-
strate specific heat ratio and plasma flow work-to-heat
conduction ratio, and decreasing reflectivities of elec-
trons and ions, charge number, electron-to-ion source
temperature ratio at the presheath edge, substrate-to-
film solid thermal conductivity ratio and Biot number.
The total plasma energy flux at the wall and the melting
time exhibit a minimum and a maximum values, respec-
tively, in the bias voltage range considered. The dimen-
sionless parameters are reversed to increase the melting
time.
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