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In order to study the laser etching mechanism for aluminum thin film on polyimide substrate, the etching
process was simulated by the finite element analysis software ANSYS, and etching profile was predicted.
A theoretical model was established by comparing the simulated etching results with calculated ones; it
was presumed that the etching process was firstly a thermal dominant one, then a photochemical
interaction dominant one, and finally a thermal one again.
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INTRODUCTION

Based on the principle of high-power short-pulsed laser
interaction with matters, laser etching was widely
employed for micromachining of multi-layer thin films of
metal and polymer (Liu et al., 2014; Hu et al., 2011). In this
case, the absorption of laser energy occurs rapidly and
only in a very thin layer of metal film on the surface, and
the film is thus instantaneously evaporated and removed
while the substrate is unaffected due to the precise “cool”
etching process. Understanding the mechanism of laser
etching is essential to predict etching result and for a
better improvement of the etching quality and precision.
The mechanism of laser etching has been studied
extensively, Shin et al. (2007) suggested that laser etching
of multi-layer thin films of metal and polymer is a
combination of photochemical evaporation and thermal
melt expulsion (Srinivasan et al., 1986). Some researches
investigate into the properties of laser removal of metal

thin film on polymer samples was carried out theoretically
and experimentally in order to understand the mechanism
of laser etching (Zhang et al., 2010; Zhou et al., 2005).

In this paper, in order to predict the etching profile of
laser etching for aluminum thin film on polyimide substrate
and enhance the micro-processing accuracy and quality,
a theoretical model, called the Srinivasan—Smrtic—Babu
(SSB) model, was adopted, which takes both thermal and
photochemical effects of the laser etching into
consideration. Parameters for SSB model were obtained
by fitting the experimental data from relevant literature
(Yoon and Bang, 2005; Shin et al., 2007) and ANSYS
software was employed to study the temperature
distribution within aluminum thin film on polyimide (PI)
substrate during 355 nm laser etching process. The
operating parameters include a TEMOO Gaussian
distribution laser beam, pulse repetition frequency of 20
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kHz, pulse width of 100 ns. By comparing the simulated
etching results with predicted ones, the processing of
laser energy absorption and thermal conduction were
analyzed, and a mechanism of metallic film/ polyimide
substrate interface separation while metallic film in solid
state due to the polyimide material thermal decomposition
was also proposed subsequently.

THEORETICAL MODELS
A theoretical model for Pl removal by laser etching

Photochemical and thermal effects were considered for ablation of
polyimide (Pl), H¢ is the etching depth per laser pulse by the
photochemical effect according to the assumption of Beer’s law (Li et
al., 2006), which can be expressed as follows:

H.=azgln(=—)

)

-1
Where &aff isthe absorption coefficient(cm™), F is the laser fluence
per pulse (J/cm?), and Fy, is the threshold fluence (J/cm?).

When processing PI, the thermal effect is non-ignorable, the single
pulse etching depth expressed by Hr, from pseudo-zeroth order rate
law:
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Where ko is the effective frequency factor (um/pulse), E is the
activation energy (kJ/cm®), R is the gas constant (371 J/(cm®-K)),
and T is the temperature averaged in some manner over the
irradiated region and is controlled by the incident fluence and the
photon absorption dynamics of the PIl. Temperature within the laser
exposed region is both time and position dependent. In the absence
of knowledge of the exact functional dependence, it is only possible
to proceed phenomenologically by assuming a one dimensional heat
flow. The fluence dependence of local temperature can be modeled
by an expression similar to that proposed by Yung et al. (2000):

T(x) = Zeff T | o eff ()
Where p is density(kg/cm?®), Cp is heat capacity(J/kg-K), and x is the

etching depth(cm).
Calculate the Tayg (average temperature) from x=0 to x=d,:
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It can be simplified as:
dp=—"-In—=dp-as=In— (6)

By combining Equation (5) and (6), it can be obtained that:
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By putting Equation (7) into Equation (3), Hr (The etching depth by
the photothermal effect) can be obtained as:
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Table 1. Parameters of Pl for 355 nm UV laser etching.

Parameter Values
Fn(Jd/cm?) 0.1
aer(cm™) 0.2x10°
ko(um/pulse) 8.86
E*( kd/cm®) 207.6x10°

PR
Where E*=" ~ s the effective activation energy (kJ/cm®), when
photochemical and thermal effects were take into consideration, the
etching depth per laser pulse, Hp, can be expressed as follows:

Hpy = —-In=—+ k, - el'7F 10F/Fn)/\eeeel F-Fnl]l ()

By putting parameters in Table 1 into Equation (9), theoretical
relationship between etching depth and fluence can be obtained, as
shown in Figure 1.

In Figure 1, which shows the theoretical results in logarithmic
scale, the etching depth will maintain at a constant value as the laser
fluence increases. When the laser fluence is smaller than 1 J/cm?,
while photochemical effect is dominant, the etching depth as a
logarithmic function increases rapidly, and then stays at a constant
value. Reversely, the etching depth by thermal effect increases
dramatically in the region of laser fluence greater than 5 J/icm?.
Although the etching depth is an exponential function of laser
fluence, the logarithmic function in the exponent reduces the etching
rate rapidly in the region of fluence greater than 25 Jicm?® This
indicates that a laser fluence greater than a certain value contributes
little to the etching depth. Thus, it is meaningless to increase the
laser fluence above this value.

A theoretical model for Al removal by laser etching

Considering that thermal effect is dominant during laser etching
process of Al, we adopt a theoretical model which takes only thermal
effects into account, to predict the etching depth of laser etching of Al
films. HaL can be expressed as follows:

H,, =H:=k, . gl —E AnF/ Fyn )/ agge \F—Fen ] (10)

By putting parameters of Al in Table 2 into Equation (10), theoretical
relationship between etching depth and laser fluence can be
obtained, as shown in Figure 2. Figure 2 shows the theoretical
results of etching depth considering only thermal effect in decimal
scale. In the region of fluence smaller than 3.2 Jicm?, the etching
depth is not measurable; and in the region of fluence greater than 4
Jicm?, the etching depth increases rapidly.

SIMULATION SOLUTION

Here, the adopted equations for laser-material interaction
will be presented. Non-steady-state temperature
distribution within thin film and substrate can be obtained
by applying heat transfer and phase change model of
laser heating. Ignoring gas and liquid dynamic effects (Li
et al., 2008), differential equation describing temperature
T(x,y,t) of this process is:

e(Mp=—==V(KE(T) VT(xy,t) +Q(x,» T, 1)) (11)
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Figure 1. Relationship between etching depth and laser fluence for Pl etched by 355 nm

UV laser.
Table 2. Parameters of Al for 355 nm UV laser etching.
Parameter Values
Fin(Jlcm?) 0.32
aen(cm™) 5.917x10°
ko(um/pulse) 78
E*( kd/cm®) 1.13x10’
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Figure 2. Relationship between etching depth and laser fluence for Al
etched by 355 nm UV laser.



Xiao-Li et al. 321

(a)t=5ns

(c)t=35ns

(b)t=20ns
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(d)t=100ns

Figure 3. Simulated temperature field caused by laser irradiation with different times (Different color

represents different temperature).

Where c is specific heat capacity, p is material density, K
is thermal conductivity, and Q is the heat generation rate.
The initial temperature before laser irradiation equals to
environmental temperature:

T(xl}rﬁ ﬂ-j = Tn:v::l.' (12)

The boundary conditions for temperature of the heated
top surface and the other surfaces are different. Because
of the high heat flow gradients during laser heating, no
heat is lost from the heated side. Therefore, the Neumann
boundary condition was used for boundary at y=0 (Hu and
Yin, 1997). However, as the laser affected depth is much
smaller than thickness of thin film, the opposite surface is
assumed to stay at environmental temperature according
to the Dirichlet boundary condition, expressed as follows:

AT (zx.t) =0
gz =0 (13)
T[:x,}F, tjlz:thicknass of sampls = Tam: (14)

According to the theory of heat transfer in solid, analytical
solution to Equation (11) can be obtained when laser
power density is independent upon time. However, as one
laser pulse generally offers several times the amount of
energy required for one unit mass to rise from room
temperature to evaporation temperature of Al within a very
short period of time, the large heat flow gradient makes
thermal properties of Al thin film temperature-dependent.
Therefore, finite element method implemented in ANSYS
was used to obtain the approximate numerical solution of
the nonlinear model. This paper is based on theoretical
and simulative analysis. The process of laser removal of
Al thin film on PI samples was studied and the mechanism
of the laser etching was analyzed.

Numerical simulation for process of etching of
aluminum thin film on PI

Before simulation, the constant temperature boundary
was assumed (T;x=300 K). Figure 3 shows the
temperature distribution during the laser etching of Al/PI
with different irradiation pulse. Figure 3(a) displays
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Figure 4. SEM images of etched morphology with different irradiation pulse.

temperature distribution within Al/P1 with a laser output
power of 4W and an irradiation pulse of 5 ns. It can be
seen that the maximum center temperature on the surface
is 814.824 K and the interface temperature retains 300 K,
which means that the heat does not transfer to the
substrate, and laser etching is a thermal process, for
which the excitation energy is instantaneously transformed
into heat. Over a period of time, as shown in Figure 3(b),
temperature at interface reaches 466.453 K, which is
lower than the substrate's decomposing temperature, 500
K. Figure 3(c) shows temperature distribution within Al/PI
for a pulse of 35 ns, it can be seen that the maximum
temperature at the interface reaches about 772.505 K,
which is higher than substrate's decomposing temperature,
which can result in substrate decomposition, and the
pressure formed cause a state of separation between Al
films and PI substrate. Meanwhile, heat conduction was
blocked and the total energy is transformed to heat,
induce rapid evaporation of Al films. As shown in Figure
3(d), it can be found that with the laser irradiation pulse
change from 5 ns to 100 ns, the surface temperature
increases gradually and Al thin film was removed rapidly.

Experimental etching of Al thin film on Pl was conducted
to verify the simulated results. It shown that the etched Al
thin film presents different edges with different irradiation
pulse, corresponded to different laser fluence. The coarse
edge of etched thin film in Figure 4(a) indicate that it was
peeled off by pressure formed by decomposition of PI,
and Figure 4(b) shows the bubbles formed on surface of
Pl caused by decomposition clearly.

CONCLUSION

By comparing of the simulated and calculated etching

results, it can be concluded that the etching process was
firstly a thermal interaction dominant one, aluminum thin
film absorbs portion of the laser energy and transferred it
into heat; then, when the temperature raised to
decomposing temperature of polyimide, a photochemical
interaction was dominant and polyimide at interface
decomposed, a pressure is formed above the interface
and peeled aluminum thin film off from polyimide substrate;
Finally, temperature of floated aluminum increased and
gasified, thermal mechanism is determinant again at this
stage. The simulation was verified by experiment, and the
simulated results can be used to optimize the etching
parameters to obtain a smooth etching edge.
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