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Abstract In this paper, laser welding of silicon in conduction mode is investigated
numerically. In this study, the effects of laser beam characteristics on the welding have
been studied. In order to model the welding process, heat conduction equation is solved
numerically and laser beam energy is considered as a boundary condition. Time
depended heat conduction equation is used in our calculations to model pulsed laser
welding. Thermo-physical and optical properties of the material are considered to be
temperature dependent in our calculations. Effects of spatial and temporal laser beam
parameters such as laser beam spot size, laser beam quality, laser beam polarization,
laser incident angle, laser pulse energy, laser pulse width, pulse repetition frequency
and welding speed on the welding characteristics are assessed. The results show that
how the temperature dependent thermo-physical and optical parameters of the material
are important in laser welding modeling. Also the results show how the parameters of
the laser beam influence the welding characteristics.

Keywords Pulsed laser . Silicon . Conduction welding . Laser beam characteristics

Introduction

Nowadays laser welding is one of the important industrial applications of the laser. First
practical demonstration of the laser welding was performed by Platte and Smith in 1963
which involved welding of stainless steel foils by pulsed ruby laser [1]. Principally laser
welding are performed in two main modes; conduction and keyhole welding. Keyhole
welding in which a vapor-plasma-filled cavity is formed is a deep welding and often
used in welding thick-sheets of materials [2]. Laser keyhole welding is often referred to
as a high energy density or power laser beam. However for thin layer of materials low
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energy (or power) density of laser beam is sufficient for welding which is referred to
conduction welding. When the laser beam spot size is generally comparable to the
thickness of the sheet or laser intensity is insufficient to boil the materials, the
conduction welding mode is likely to be encountered [3]. In laser welding there is
not a sharp transition between conduction mode and keyhole mode. The minimum
power density to initiate a keyhole in metals is approximately 106 W/cm2. Below this
power density threshold a conduction welding mechanism will occur [4].

In parallel to experimental research, theoretical investigations and modeling were
also in progress for characterization and optimization of laser welding. Pioneering
models for laser welding are introduced by Steen et al. [5, 6]. One of the first numerical
solutions of heat transfer for laser materials processing was due to Mazumder and Steen
[5] who produced a 3-D model using Finite Difference techniques and a relaxation
procedure in solving the heat conduction equation. They assumed a CW laser with
Gaussian beam, a workpiece of infinite length, 100 % absorption of power at temper-
atures in excess of the boiling point, radiation heat losses and also convective heat
losses due to the shielding gas flow. Mohanty and Mazumder [7] produced a 3-D
numerical keyhole welding simulation model with graphical user interface and visual-
ization modules.

A comprehensive literature survey on laser welding and related process is provided
by Mackwood and Crafer in 2005 [8].

Verhaeghe and Hilton [9] investigated the effects of laser beam quality and
spot size on the welding performance experimentally with CW laser for alu-
minium and steel. They showed how the laser beam quality of CW lasers
affects welding performance, by comparing a series of welds made in thin
and thick section aluminium and steel. Also Balasubramanian et al. [10] studied
the effects of beam power, welding speed and beam angle on the welding
characteristics numerically and experimentally. They as well considered some
temperature depended thermo-physical parameters of the material. However the
material of workpiece in their work were stainless steel and they used CW
Nd:YAG laser for deep penetration welding. More recently Duocastella and
Arnold investigated Bessel beams for material processing. They have shown
that laser beam profile has important effect in laser material processing [11].
Daniel et al. studied the effects of Q-switched diode pumped solid state laser
on silicon [12]. Although they considered pulsed laser and pulse related pa-
rameters in their investigations, other laser parameters such as polarization and
laser beam quality are not investigated in their work. Also in that work they
concentrated on mass removal by laser. Furthermore Assuncao et al. [4] inves-
tigated interaction time and beam diameter effects on the conduction mode
limit. But they considered CW laser in their work.

In literature generally the welding of metals were considered, though in
recent years laser welding of special alloys and dissimilar materials are more
investigated. However in this paper welding of silicon is considered and the
influence of different laser parameters on the welding characteristics are inves-
tigated. Although there are many differences between metals and semiconduc-
tors in atomic level, however it should be noted that in modeling of laser
welding of bulk materials the thermal effects are under consideration and
therefore the thermo-physical and optical parameters of the material are crucial.
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Consequently the presented model in this paper can be extended to the welding
of metals. The reason of choosing silicon workpiece is related to the silicon
applications. Silicon welding has many recent applications in micro-electronic
and electro-mechanic devices such as IC packaging also in photovoltaic (solar
cell) manufacturing [13–15]. In the micro-mechanics and photovoltaic applica-
tions, thin sheets of silicon are used, therefore conduction welding is needed
[14, 15].

To the best of our knowledge, there are a few reports on modeling of conduction
welding of silicon by laser [14, 16]. However in none of them the laser parameters
affecting the welding are investigated. In this work effects of spatial and temporal laser
parameters such as beam spot size, beam quality, polarization, laser incident angle, laser
pulse energy, pulse width and pulse repetition frequency on the welding characteristics
are assessed. In this paper the heat conduction equation is solved in four dimensions,
i.e., three spatial and one temporal dimension. In this work laser heat source is
considered as a boundary condition, which simplifies the calculations. To increase
the accuracy, all the thermo-physical and optical properties of the material are consid-
ered to be temperature dependent in our calculations. The effect of the movement of the
workpiece (welding speed) is also studied in this paper.

A computational code is developed in MATLAB software and heat conduction
equation is solved numerically using finite difference method in four dimensions. To
validate our calculations, we have compared our results to those from other models and
experiments. The results of this paper can be used in the characterization of silicon laser
welding in conduction mode.

Theory and the Model

In order to predict thermal effects of laser radiation on the workpiece in laser
welding process, heat conduction equation should be solved to find the tem-
perature distribution in the workpiece. Time depended heat conduction equation
is given by relation (1) [17]:

∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

þ q

K
¼ 1

α
∂T
∂t

ð1Þ

In which T=T(x,y,z,t) is the temperature at spatial and time coordinates x,y,z,t
respectively, q: is the rate of internal heat generation per unit volume, K is the
thermal conductivity and α is the thermal diffusivity.

In laser welding, laser energy absorbed by the workpiece serves as the heat source.
In this work, the heat source is intended as a boundary condition. This is a result of
assuming conduction mode welding. The boundary condition at the top surface of the
wokpiece regarding to the absorbed laser power, surface radiation and convection are as
follows [10]:

qabs−qrad−qconv ¼ −K
∂T x; y; z; tð Þ

∂z

����
z¼0

ð2Þ
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In which qabs is the laser absorbed intensity at the top surface of the workpiece, qrad
is the radiated intensity and qconv is the power density loss due to the convection which
are given by below relations [17]:

qabs ¼ 1−R x; y; 0; tð Þ½ �I x; y; 0; tð Þ
qrad ¼ σ ε T 4 x; y; 0; tð Þ− T 4

∞
� �

qconv ¼ h T x; y; 0; tð Þ−T∞ð Þ
ð3Þ

In them ε is the thermal radiation coefficient, σ is the Stefan-Boltzmann constant and h
is the convection heat transfer coefficient. T∞ is the ambient temperature. R(x,y,0,t) is
the reflectivity of surface of workpiece which is a function of time. When the laser hits
the workpiece temperature rises with time, so the reflection coefficient varies. There-
fore, reflectivity is shown as a function of time. I(x,y,0,t) is the intensity of incident laser
on the workpiece as a function of position and time. Indeed for a pulsed laser, the
boundary condition (relation (2)) is a function of time.

Incident laser beam is considered to have a quasi-Gaussian intensity profile. Quasi-
Gaussian mode is a spatial profile which is not exactly the Gaussian mode, but can be
approximated with negligible error by Gaussian model [18]. Therefore the laser
intensity distribution is given by relation (4) [19]:

I x; y; 0ð Þ ¼ p

2πw2
exp −

x2 þ y2

2w2

� �
ð4Þ

In which p is the maximum power of the laser beam and w is the radius of the laser
beam profile [19].

As it is shown in Fig. 1, Laser beam can be transmitted to the workpiece by a beam
delivery system which may consist of a fiber or some optical components in an arm.

welding 
Direc�on

Laser Beam Expander

Mirror

Focusing LensRadiation Losses

Convec�on Losses

Conduc�on

Fig. 1 Schematic drawing of laser welding system; consist of laser, beam delivery subsystem, the
workpiece and heat transfer mechanisms
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After all, the beam will be focused on the workpiece by a lens. The beam spot size on
the workpiece can be given by below relation [20]:

w ¼ M 2 4λ f
πD

ð5Þ

In whichM2 is the beam quality factor, λ is the laser wavelength, f is the focal length of
the lens used for focusing the beam on the workpiece and D is the radius of the incident
beam on the lens [20].

The absorption of incident laser beam at the surface of silicon workpiece is
dependent upon the incident angle and the polarization of the laser beam. The reflec-
tance of the workpiece surface can be given by Fresnel relations for s and p polariza-
tions [21]:

Rp ¼ n− 1=cosϕð Þ½ �2 þ k2

nþ 1=cosϕð Þ½ �2 þ k2
ð6Þ

Rs ¼ n−cosϕ½ �2 þ k2

nþ cosϕ½ �2 þ k2
ð7Þ

In which n and k are real and imaginary parts of refractive index of the workpiece
material respectively and ϕ is incident angle of the laser beam. Having reflectance of
workpiece surface, the absorption coefficient of the surface can be achieved directly by
A=1−R.

In our calculations thermo-physical and optical properties of silicon are considered
to be temperature dependent as it is shown in Table 1. As it is presented in Table 1,
density and heat capacity are given with different functions for temperatures below and

Table 1 Thermo-physical and optical properties of silicon (in SI units) as a function of temperature, Tm is the
melting temperature of the silicon [22–27]

Temperature-dependent properties

ρ Tð Þ ¼ 2:311� 103−2:63� 10−2 T−Tmð Þ
2:580� 103−0:171 T−Tmð Þ−1:61� 10−4 T−Tmð Þ2

�
T ≤ Tm
T > Tm

K Tð Þ ¼ 29900
T−99ð Þ

Cp Tð Þ ¼
106

ρ Tð Þ
� �

1:4743þ 0:17066T

300

� �

2:432� 106

ρ Tð Þ

8>><
>>:

T ≤ Tm

T > Tm

α Tð Þ ¼ 128
104 T−159ð Þ

n Tð Þ ¼ n0þ Cn T−TRð Þ
2n0

k Tð Þ ¼ k0eCk T−TRð Þ TR = 29 ºC
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above the melting point [22–27]. In the next section, the results of our calculations are
presented.

Results and Discussions

To select the appropriate wavelength for the laser source in silicon welding, in addition to
the existence of such a laser, the reflectivity of silicon for that wavelength should be
considered. Lower reflectivity of the workpiece surface leads to the better absorption of the
laser and in turn leads to increasingwelding efficiency. As it is shown in Fig. 2a [28], for the
wavelengthsmore than 500 nm the silicon reflectivity is less than 40%which is acceptable.

Figure 2b shows the spectral absorption coefficient of silicon [28]. As it is seen in
the figure, the magnitude of absorption coefficient is extremely high in UVand visible
ranges of the spectrum. For example in wavelengths of 300 and 500 nm the absorption
coefficients are 106 and 104 cm−1 respectively. Therefore the skin depth of the silicon
for visible and UV wavelengths is very low; this means that laser energy will be
absorbed in a very thin layer of silicon at the surface. In other words taking into account
laser beam energy as a boundary condition is true even conceptually. The calculations
of this paper are conducted for wavelength of 808 nm in which also the skin depth is
small enough. This wavelength can be achieved by a typical GaAs diode laser [29]. As
it is shown in the Fig. 2b for the wavelength of 808 nm the absorption coefficient of
silicon is about 103 cm−1 which leads to the skin depth of 0.001 cm or 10 μm. In this
work the thickness of the silicon is considered to be about 400 μm, therefore the
mentioned assumption is fulfilled.

The dimensions of the workpiece are assumed to be 0.11×0.11×0.04 cm. Also the
number of mesh points in x,y and z directions are 55×55×27 respectively. The discrete
time steps in the code is considered to be dt=5×10−4 msec. Also the parameters of the
laser are presented in Table 2. Based on the equations in the previous section, thermal
interaction of the laser and silicon workpiece is modeled and the temperature
distribution in the silicon is calculated for different laser parameters. Having
temperature distribution, the melt pool profile is achieved and welding is characterized.

In Fig. 3 the temperature dependence of thermo-physical and optical properties of
silicon are shown relatively. As it is shown in the figure, thermal conductivity, thermal
diffusivity and reflectivity are strongly temperature dependent and it must be considered in
calculations. But density and heat capacity varies slowly by temperature. However we
assumed that all the mentioned parameters are temperature dependent in our calculations.

In Fig. 4 the effect of temperature dependence of thermo-physical and optical
parameters of material on the maximum temperature of the workpiece are shown. In
Fig. 4a maximum temperature in different depths of the workpiece is presented for two
cases; temperature depended and constant thermo-physical and optical parameters. As
it is seen in the figure the difference of the two cases is only important for points near
the top surface of the workpiece. For points in the depth, the temperature dependence of
the parameters can be ignored. Figure 4b shows maximum temperature of the work-
piece for temperature depended and constant thermo-physical and optical parameters in
compare of experimental results from other researchers [16]. In this special figure to
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compare result of this study with the others the magnitude of laser parameters have
been considered as those in reference [16]. This figure shows that considering temper-
ature dependence thermo-physical and optical parameters leads to the results which are
more similar to experiment.

The validity of our calculations is verified in two manners; in the first way, the one-
dimensional limiting case of temperature of the workpiece is investigated. The height
and the width of the workpiece are assumed to be too small and then temperature

Fig. 2 a) Reflectivity of silicon versus wavelength b) Spectral absorption coefficient of silicon [28]
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distribution of the workpiece is compared to the temperature distribution in a wire (one
dimensional) which there is analytical solution for it. Analytical solution for heat
conduction equation in a wire (one dimensional workpiece) can be given by [30]:

0 < x < L; T x; 0ð Þ ¼ T 0; T x;∞ð Þ ¼ T1

T x; tð Þ−T1

T0−T1
¼ 2

π

X∞
n¼1

1− −1ð Þn
n

sin
nπx
L

� 	
exp −

n2π2αt

L2

� � ð8Þ

In which T0 is the initial temperature of wire and T1 is the boundary temperature
(temperature at two end of the wire). The numerical solution is achieved by our
developed numeric code. The height and width of the workpiece are assumed to be
too small in compare of the length of workpiece. Figure 5a shows this comparison
between analytical and numerical calculated temperature in different times which are in
complete agreement. In second method, we compared maximum temperature of
workpiece to those of others [16]. Figure 5b shows this verification. As can be seen,
there is an acceptable agreement between two presented diagrams. It must be noted that
thermo-physical and optical properties are assumed to be constant in the calculations of
Fig. 5b.

Another parameter affecting the welding characteristics is the spot size of the
focused laser beam on the workpiece. Fig. 6 shows the temperature distribution in
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Fig. 3 Thermo-physical and optical parameters of silicon (in SI units) versus temperature

Table 2 Laser parameters used in the simulations

Laser mode Pulsed

Laser wavelength (nm) 808

Pulse repetition frequency (kHz) 10–25

Pulse width (μs) 25

Laser energy per pulse (mJ) 7

Laser beam quality M2 1–2

Laser temporal pulse shape Rectangular
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the workpiece for different beam spot sizes. Due to the symmetry in the weld pool
profile, Fig. 6 is plotted in two dimensions. The parameter d/w in which d is the depth
of the weld pool and w is the width of the weld pool, is used to characterize the weld
pool geometry. Figure 7 shows the magnitude of d/w parameter versus beam spot size
on the workpiece. As it is seen in the figure, decreasing the beam size leads to the deep
and narrow weld pools. By decreasing the laser beam size while maintaining other
parameters such as laser energy and pulse repetition frequency, the intensity of laser on
the workpiece increases which leads to deeper weld. This can be explained via intensity
related boundary condition (relation (2)). By increasing intensity, the gradient of the

1 2 3
0

500

1000

1500

2000

2500

M
ax

im
un

 T
em

pe
ra

tu
re

 (
K

)

Simulation (Temperature-dependent) Measurement Simulation (Constant)

-0.1-0.08-0.06-0.04-0.020
0

500

1000

1500

2000

2500

Depth (mm)

T
em

pe
ra

tu
re

(K
)

Temperature-dependent
Constant

a

b

Fig. 4 a) Calculated maximum temperature in each depth of workpiece for constant and temperature
depended thermo-physical and optical parameters b) Maximum temperature of workpiece for constant
and temperature dependent thermo-physical and optical properties in compare of experimental data from
reference [16]
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temperature on the surface increases and this leads to the increasing temperature of
points in greater depth due to the conduction. From the other hand by reducing the laser
beam size, laser affected area at the upper surface of the workpiece decreases leading to
the decrease of weld width. Therefore deep and narrow weld pool is formed with
decreasing the laser beam size.

Generally in the presented curves when one parameter is changed, the other
parameters kept the same. In this way the effect of changing just that parameter on
the welding characteristics is evaluated. For example when the beam spot size is varied,
laser pulse energy as well as other parameters remained the same.

One of the important parameters of the laser beam is the beam quality factor. The
beam quality factor which is called the M2 determines the focusability of the beam. In
Fig. 8 maximum temperature of the workpiece is plotted versus M2 parameter. As
Fig. 8 shows, approximately 50 % increase in M2 leads to less than 50 % decrease in
maximum temperature of the workpiece. In another word increasing M2 decreases
nonlinearly the maximum temperature of weld. This shows that M2 factor is a very
important parameter in laser welding characterization and should be chosen
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appropriately. Usually in a laser, the laser output power and beam quality are not
completely independent to each other (at least in a wide range changes of output
power). However it must be noted that in this work we have tried to evaluate the
effect of each parameter of the laser separately on the weld. Accordingly only the
changes of the laser beam quality is considered in Fig. 8. Also it must be noted that in
practice one need to find certain values for power and beam quality of the laser for
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appropriate welding. In this situation, Fig. 8 shows the sensitivity of the maximum
temperature to the changes of the beam quality.

Another important parameter of the laser beam is polarization. Absorption coeffi-
cient of the laser beam depends on the polarization. Therefore it is expected that
welding specifications also be dependent to the polarization of the laser beam. To
check the mentioned dependence, in Fig. 9 maximum temperature in each depth of the
workpiece is shown for different laser beam polarization and different angle of inci-
dence (angle between the incident beam and the normal to surface of workpiece). This
figure shows that in the same conditions, there is a serious different between induced
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temperature for s and p polarizations. In some practical situations due to the special
geometry of the workpiece, normal (vertical) radiation of laser beam is impossible, and
the workpiece must be irradiated with the laser beam obliquely. As it is shown in Fig. 9,
in obliquely radiation welding, p polarization generates higher temperatures and
therefore it is better than s polarization. Also the difference of temperatures for p and
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different incident angle b) Same as (a) but for s polarization
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s polarization is noticeable in the surface of workpiece; nevertheless at the depth of
workpiece effects of s and p polarizations are indistinguishable. This behavior can be
seen for different angle of incidence.

To find the optimum angle of incidence for each polarization, maximum temperature
of workpiece versus incident angle is shown in Fig. 10. Optimum angle of incidence is
an angle in which the absorption of laser beam to the workpiece is maximized and
therefore the induced temperature in the workpiece is maximized. As it is shown in the
figure optimum angles of incidence for p and s polarizations are 85° and 0 respectively.
In these situations optimum angle of incidence can be found by presented diagrams.

As it is mentioned in the previous section, in this paper calculations are conducted in
four dimensions in which there are three spatial dimensions and one temporal dimen-
sion. Therefore it is possible to investigate changes of temperature in the workpiece by
time. Figure 11 shows the maximum temperature of the workpiece versus time. As it is
shown in the figure, maximum temperature changes fast by time. In the calculations
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relating to this figure, a pulsed laser is considered for welding. The pulse shape is
considered to be rectangular shape versus time and with the 20 kHz repetition rate. As it
is seen in the Fig. 11 the rate of the temperature changes is in the order of the repetition
rate frequency of laser source. Although the temperature is oscillating but the average
temperature rises by time.

To investigate the effect of pulse repetition rate of the laser on the weld profile,
calculations are conducted for different repetition frequencies, and the weld depth and
width are presented in Fig. 12. As it is seen in Fig. 12, by increasing repetition
frequency, both of the depth and the width of the weld are increased. However the
slope of the curve associated with width is more than that of depth. Therefore by
increasing pulse repetition frequency, the w/d of the weld pool increases.

The last parameter of welding which is investigated in this paper is the welding
speed. Movement of workpiece (or laser) decreases induced heating effect in the
workpiece. Figure 13 shows the maximum temperature of the workpiece versus
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welding speed. As it is seen in Fig. 13, by increasing the welding speed, maximum
temperature of the workpiece is reduced. This is because that by increasing the welding
speed, effective time exposure of the workpiece to the laser decreases. Moreover the
profile of the weld changes when the laser beam and workpiece move to each other.
Indeed welding speed break the symmetry of the weld pool. This can be physically
explained. When the workpiece moves (or the beam scans the workpiece), in the
direction of movement, the material is in a shorter time in the exposure of the laser
radiation. However in the perpendicular direction the material is in longer time in
exposure of laser radiation. This breaks the symmetry and this can also be explained by
writing the heat conduction equation for moving workpiece. Considering chain deri-
vation and neglecting heat source term, Eq. (1) changes to Eq. (9) as follows:

∂T
∂t

¼ ∂T
∂x

dx

dt
¼ −v

∂T
∂x

∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

¼ −
v

α
∂T
∂x

ð9Þ

In which v is the welding speed. As it is seen in the Eq. (9) the symmetry of equation in
x and y directions is broken. In the direction of the workpiece movement which is
supposed to be in x direction, the parameter v exist but not in the y direction.

As explained in this paper, effects of all laser parameters on the welding can be
predicted by the presented model. This prediction can be used in optimization of silicon
foil welding by laser as well as other conduction laser welding.

Conclusions

In this paper the effects of laser parameters in laser welding are investigated numeri-
cally by solving the heat conduction equation. The parameters which are evaluated in
this paper includes; laser beam spot size on the work piece, M2 factor, laser beam
polarization and angle of incidence, laser pulse repetition frequency and the welding
speed. Effects of the mentioned parameters on the maximum temperature of the
workpiece and weld pool geometry are investigated in this paper and the results are
presented. The results of our calculations can be useful in characterization and
optimization of conduction laser welding.
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