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Many semiconductor technologies require the patterning of films to create features not easily achieved
during growth or deposition. In the case of transparent conductive oxides (TCOs), this is typically realized
through direct laser-scribing. Although there are models conceived to predict the depth of a scribe, the
necessary parameters to obtain a given depth are usually found by trial and error. This is mostly due to
the models usually being highly elaborated and dependent on difficult to measure variables.

In this paper we introduce a method for predicting the ablation depth in direct laser-scribing processes
based on laser-processing parameters and convenient properties like the ablation threshold fluence and
the laser penetration depth. In order to apply this method though, the materials must comply with two
conditions: a) the material does not develop incubation with successive pulses and b) the ablation depth
obtained at any position by a single pulse is determined by the fluence reaching that point. We present
experimental data using nanosecond sources and a wavelength of 355 nm for TCOs Indium doped Tin
Oxide and Aluminum doped Zinc Oxide that endorse the proposed method as a tool for predicting the
ablated depth in laser scribes.
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1. Introduction

Although laser grooving is an essential process in the semicon-
ductor industry, there are not many studies aimed to predict the
depth of the processes. Most of the models found in the literature
that tackle this issue are for continuous wave laser sources scribing
in metals [1-3]and composite materials [4-6] with only a relatively
small number dedicated to pulsed laser processing [7-10].On top of
that, all of the mentioned models include complex processes such
as heat fluxes, the apparition of plasma shielding, or the interaction
between the laser light and melted material, making them difficult
to implement.

In this paper we propose a simpler model that relates process
parameters, pulse fluence and scanning velocity, to the depth of the
obtained scribe for the case of pulsed laser sources. We have tested
the proposed model in two different transparent conductive oxides
(TCOs), Indium doped Tin Oxide (ITO) and Aluminum doped Zinc
Oxide (AZO) and found the predictions to match very accurately
the experimental results. Our choice for the materials stem from
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the fact that TCOs are widely used in many different fields of the
semiconductor industry such as solar cells, flat-panel displays or
liquid crystal devices [11] and, for many of these applications, the
patterning of the TCO is necessary. Over the last decade, laser pat-
terning has taken over chemical etching due to it being contact-free,
with added flexibility and more environmentally friendly [12,13].
Thus, we believe the proposed model is an interesting tool for the
study of laser-scribing processes.

The paper is organized as follows: in Section 2, the proposed
method is presented; in section 3 the relevant properties of the
two TCOs used in this work, the description of the laser set up
and the characterization techniques are described; finally section
4 contains the experimental results gathered and an appropriate
discussion while the conclusions are compiled in Section 5.

2. Proposed model

For the interaction between laser pulses and semiconductor
materials, such as TCOs, it is generally accepted to refer to Lambert-
Beer’s law of radiation absorption [14]. This law assumes that the
interaction process and the subsequent film ablation are dominated
by the absorption of photons with energy above band gap, with lit-
tle to no contribution from heat transport processes. Under these
circumstances, the maximum ablated depth, d,},;, obtained when
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one or several laser pulses hit the surface of a test sample can be
expressed as [15]:
%o ) 1)

$en (N)

In Eq. (1), N is the number of shots used, ¢y is the peak laser flu-
ence, lof is the effective penetration depth of the incident light and
¢, is the material ablation fluence threshold, which in this work
refers to the minimum fluence that can produce a visible ablation
in the material. The term ablation fluence threshold, in its original
definition, referred to the energy fluence required to induce phase
transformation in a crystal surface [16], but the use of this term has
been extended to other meanings, including the one used here.

The material may experience changes in the values of L. and
¢, When pulses repeatedly hit the same area, a process known
as incubation. This process is usually ascribed to a defect creation
mechanism [15-19] which generally causes ¢y, to decrease. In the
case thatincubation is not observed, lo¢(N) and ¢y, (N) in expression
(1) would have to be substituted by lo;f and ¢y, [18,20]. The values
loge(N) and ¢, (N) or (legr and ¢y, ) can be obtained by fitting a plot
dgp vs Log ¢ to Eq. (1) and extracting them from the slope (lef)
and from the intercept with the abscissa(¢y,). Once both values
are known, the ablated depth for single or multiple pulses at any
fluence value within or near the studied range can be predicted
using Eq. (1).

In addition to hole-drilling, many technological processes
involve making a scribe by scanning a laser beam across a work-
piece surface. In this case, the ablated depth cannot be predicted
solely using Eq. (1), since each pulse that affects a particular point P
in the surface is going to do so with a different energy. Fig. 1 aims to
illustrate this situation. If we focus onto an arbitrary point P in the
surface and consider only the case of Gaussian pulses with a fluence
distribution ¢ (r) = ¢ - exp*zrz/woz, it is easy to see that the total
energy that reaches point P can be expressed as:

dapl = N-legr (N) -In (

2 2
Drotal = Po - [1 + exp*ZdZ Jw} + exp*2(fd) [} T exp—2(2d) o
2 o0 _2n2d2
2 2
+exp 2727/ +} = do- [1 +2) exp ] 2)
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Where f is the repetition frequency for the laser, v is the scan-
ning speed, d=v/f, is the distance between two consecutive
pulses and wqg is the spot radius. Conveniently, if we define
the overlap between adjacent pulses as s=100-(1—d (/2wy)) it
can be shown that for s>60% Eq. (2) converges very rapidly to
\/8/m-Ep-f/ (2wq - v), which is the expression for the total fluence
reaching point P in the case of a continuous wave Gaussian beam
(with Ep-freplaced by the average laser power).

As mentioned earlier, of all the pulses considered in (2) only
those that put up an energy above ¢, can contribute to the visible
ablation of the material. As an example in the sketch depicted in
Fig. 1 just the three shaded pulses would contribute to the ablation
of material at point P. If we now combine Eqgs. (1) and (2), it is
possible to calculate the ablated depth of a train of pulses by simply
adding the contributing terms of the following expression:

. —2d? /w?
drotal = legr- 1N (@) +2-In M I
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+2.In o - exp 22D /G L2100 o - exp 23D /% .
bn bn

(3)

i.e, only adding the pulses that fulfill the condition ¢ -
exp—2n2d2/w02 > dup.

Implicit in Eq. (3) are two conditions that would need to be cor-
roborated before its application. First, the incubation in the material
is negligible or very small so that l. and ¢, can be considered
constant throughout the process. Otherwise, Eq. (3) would sim-
ply provide a lower limit to diq,. And second, the relationship
between ablated material and fluence expressed in Eq. (1) can be
used outside the center of the pulse. In other words, the depth
achieved anywhere within a crater corresponds with a point where
the fluence is ¢,. In that scenario it is possible to replace ¢q by
¢o-exp(—2r?Jwp?) in Eq. (1) to obtain the ablation depth at any dis-
tance (r) from the center of the pulse. If both conditions are fulfilled
and the effects associated to radial heat transport remain negligi-
ble during the process, then according to Eq. (3) measuring l.¢ and
¢ is enough to predict the ablated depth of a scribe given a set
of process parameters (v, f, wg and ¢g). Lastly, it is important that
the geometry of the ablated region does not change considerably,
i.e. grooves with a high aspect ratio, so that the fluence does not
decrease considerably due to the increase in the effective area.

3. Materials and methods

Films of ITO and AZO were deposited onto 10cm x 10 cm Corning
glass 7059 by RF magnetron sputtering (MVSystem). The thickness,
sheet resistivity and band-gap were 1400 nm, 3 2/sq and 3.75eV
for the ITO films and 650 nm, 3 €2/sq and 3.65 eV for the AZO films.
The holes and the scribes were completed using a diode-pumped
solid-state laser (Nd:YVO,) from Spectra Physics (HIPPO 1064-17
DPSS) with a 1064 nm fundamental frequency tripled to 355 nm.
The laser repetition frequency was fixed at 50 kHz throughout all
the experiments and the emitted pulses had a Gaussian intensity
distribution and pulse duration of 12 ns. The 1/e2 beam diameter
at focus position, estimated by the method described by Liu in [1]
was ~35 pm. Lastly, the laser beam was focused onto the surface
of the samples using a scanner (ScanLab HurryScan Il 14) with
a 250 mm focal length lens, which allowed for process velocities
up to 10 m/s. The morphological characterization of the irradiated
surfaces, including depth and geometry of the obtained holes and
scribes, was made with a confocal microscope (Sensofar PL £2300).

4. Results and discussion

As stated in Section 2, Eq. (3) is valid only when the material does
not show any incubation and the relation between ablation and
fluence holds true anywhere within the created crater. Therefore,
before assessing the validity of Eq. (3) as a predicting tool for the
ablation depth in laser scribing processes both conditions need to
be corroborated.

4.1. Incubation under several laser pulses

To check wether the ITO and AZO films showed any incubation,
we measured the ablated depth achieved for increasing values of
N and ¢q. The data obtained for the ITO films can be seen in Fig. 2
represented as ablated depth vs number of shots for the different
values of ¢ tested. A similar plot is obtained for the AZO films (not
shown).

Alternatively, in Fig. 3A we have plotted the ablation rate
extracted from the slopes of the different data sets of Fig. 2 as
a function of fluence. A fit of this data to Eq. (1) results in val-
ues of ¢, =0.42]/cm? and l.¢=66.5nm for the ITO films and of
¢, =0.33]/cm? and I =118.0 nm for the AZO films.

It is clear from the data displayed in Fig. 2 that d,, increases
linearly with N as predicted by Eq. (1) meaning that incubation, if
present, must be very small. Nevertheless, the scope of incubation
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Fig. 1. Schematic representation of a train of Gaussian pulses. Focusing onto an arbitrary point P, only the shadowed pulses, contributing with a fluence higher than ¢y,

would contribute to the net ablation process.
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Fig. 2. Ablated depth in ITO films as a function of the incident shot number N for
different peak laser fluence values ¢y. Solid lines are the linear least-squares fit from
which the ablation rate is obtained. A similar plot is obtained for the AZO films.

is generally weighed by measuring ¢,(N) at different N values and
fitting the results to the following expression [18]:

Gun (N) = g (1) -N&! (4)

In expression (4), appropriate for both metals [15,21] and semi-
conductors [22], the extent of the incubation is determined by the
incubation coefficient ¢ (1 < ¢), with the limit value { =1 standing
for the case of no incubation. By fitting the data gathered for the
ITO and AZO films to Eq. (4) (see Fig. 3B) we obtained ¢ ~ 1 for both
materials (as well as ¢y, values that match those obtained from
Fig. 3a), showing that up to 11 shots incubation does not play any
role in the ablation of both films. It is unclear whether incubation
could develop for a much higher number of shots, but the relatively
low value of ¢, coupled with the film’s low thicknesses precluded
us from exploring that possibility.

4.2. Ablation homogeneity in the irradiated area

To check whether the relationship between ablation depth and
fluence holds true anywhere within the crater we could measure
the depth across the spot profile from confocal images and com-
pare it to values obtained from Eq. (1) (with ¢ replaced by ¢ (1) =
o - exp‘zrz/“’02 ). However, since the profiles were not perfectly
smooth, to integrate these irregularities we decided to instead
compare the ablated volumes extracted from confocal images (see
diamondsinFig.4) tovalues calculated assuming that the measured
values of l.¢r and ¢y, remain constant throughout the crater. To cal-
culate those volumes, we assumed that the shape of a crater left by
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Fig. 3. A: Ablation rate for ITO and AZO films as a function of peak laser fluence. The
solid lines represent the least-squares fit according to Eq. (1) and it is used to extract
leff (from the slope) and ¢y, (from the intercept with the abscissa). B: Accumulation
curve for ITO and AZO films. The solid line represents the least-squares fit to Eq. (4)
and it is used to extract the incubation coefficient.

a Gaussian pulse is similar to that of a paraboloid of revolution (as
observed in confocal images), i.e.:

D27T dabl
V= (4) 2 %)
Where D is the crater diameter. Writing D as a function of ¢ as:
D? =202 In o (6)
ben
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Fig. 5. Process parameters to generate scribes with 450 nm, 650 nm and 900 nm
depth calculated using Eq. (3) and the values of lo¢ and ¢, obtained in paragraph 4.1
(solid lines). The highlighted symbols are the process parameters chosen to generate
the experimental scribes.

and substituting d,p, by Eq. (1) (with N=1) it is possible to rewrite
Eq. (5) as follows:

_”leffwg 2 [ bo
V= 2 In ((bth) (7)

The volumes calculated using Eq. (7) with the values of l.¢ and
¢, extracted from Fig. 3 are represented by dotted lines in Fig. 4. As
can be seen, the calculations match satisfactorily the experimental
values, supporting the use of Eq. (1) outside of the crater’s center.

4.3. Model deployment and scribes depth

Paragraphs 4.1 and 4.2 showed that the conditions leading to
the formulation of expression (3) are met for both the ITO and AZO
samples. In order to check the validity of Eq. (3) we have used two
different approaches for ITO and AZO.

For ITO we computed the process parameters necessaries to
obtain grooves 450 nm, 650 nm and 900 nm deep using the val-
ues of l.¢r and ¢y, obtained in sub-section 4.1. The results of this
calculation can be seen as solid lines in Fig. 5. We then chose differ-
ent conditions to generate the grooves and measure their depths,
which are the highlighted points in Fig. 5.

Fig. 5 displays the data as a function of the parameter s’=100-
s(%)=v|[f-D simply for convenience, although it also provides some
extra visual information. As mentioned in section 2, the total flu-
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Fig. 6. Average depth of the grooves in ITO obtained with the overlap and fluence
parameters selected in Fig. 5. The error-bars shown are the oy,s measured at the
bottom of the grooves.

ence reaching a point in the material surface can be expressed as
Drotal = \/ /8- Epf/ (2wgv) = £/7/8 - dy/s’. Therefore, it is easy to
see that any set of conditions that fall in a straight line crossing
the origin would have the same ¢, Which is not the case here
since ¢, does not dictate the depth of the scribes as discussed in
Section 2.

After making the scribes, their respective mean depths were
measured from confocal images by averaging the value along sev-
eral hundred micrometers. The grooves showed a smooth profile
with a relatively flat bottom. According to the oms value supplied
by the confocal own imaging software, the mean depth had a devi-
ation that never surpassed a 12% threshold. The values measured
can be seen in Fig. 6, where the error bars are given by the ong
observed. The grooves had a mean depth that was very near the
expected values in most cases. Only the two grooves made using
the highest overlap tested (~95%) showed some larger deviations.

We do not have a clear explanation for the deviation in the
grooves depth observed at high overlaps. One possible explanation
could be the apparition of incubation at the highest overlap val-
ues. In our incubation study we only went up to 11 pulses, but at
overlap values between 5 and 10%, the number of pulses contribut-
ing with fluence above ¢y, are about 10-20 pulses. Therefore, we
cannot rule out the apparition of incubation, in which case Eq. (3)
would just give a minimum value for the experimental depth.

In the case of the AZO films, the combination of a lower thickness
and a lower ¢, means that the previous approach is more difficult
to carry out. Instead, we focused on the complete elimination of the
film. We performed a series of laser grooves with different overlap
and peak fluence values and grouped the results in Fig. 7 accord-
ing to the depth obtained: the white diamonds correspond with
scribes that did not reach the substrate; the black triangles with
those where the glass substrate was exposed albeit only in part of
the groove; and the white circles those that reached the substrate
all throughout. We then computed the parameters needed to obtain
scribes 650 nm deep according to Eq. (3) with the values of ¢, and
legr given in paragraph 4.1 and added the results to Fig. 7 as the
dotted line. Similar to ITO, the computed results match rather well
with the experimental results and the dotted line never deviates
from the region delimited by black triangles.

At the lowest overlap values, the computed results correlate
rather well with the minimum fluence needed to expose the
substrate in at least part of the scribe. However, as the overlap
increases, the dotted line deviates from that boundary towards
higher fluence values. This behavior is similar to what was observed
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Fig. 7. Collection of parameters used to perform scribes in the AZO films. White
diamonds represent scribes that did not reach the glass substrate; black triangles
correspond to scribes that reached the substrate but not continuously; and white
circles correspond to scribes that reached the substrate in its full length. The dotted
line represents the set of parameters obtained when using Eq. (3) for diy 650 nm,
with ¢y, =0.33]/cm? and legr=118.0 nm.

in ITO and therefore a similar explanation in terms of incubation
appearing at overlap values above 90% can be proposed.

So, despite the larger departure between computed and experi-
mental results at high overlaps, we believe the correlation for both
materials is very good. If the conditions of no incubation and abla-
tion homogeneity are fulfilled, Eq. (3) seems to provide a very good
approximation for the depth achieved without the need to imple-
ment more complex models, making it a convenient first approach
to study laser scribing processes. Future plans include trying out dif-
ferent materials and different laser sources and temporal regimes
to further validate the model.

5. Conclusions

We have presented a very simple model that can be used to pre-
dict the depth of a groove in laser scribing processes. This simple
model is in contrast with the various models available in the litera-
ture for its simplicity and ease of use since only process parameters
and easy to measure material properties like the effective penetra-
tiondepth of the incident light, l.¢, and the material ablation fluence
threshold, ¢, are needed. The expression was developed for the
case where two conditions are met i.e., the material does not show
any incubation and the ablated depth at any point within the crater
depends only on the material and on the received fluence at that
point.

The expression was tested with nanosecond laser pulses at
355nm in ITO and AZO films. For both materials, we measured
experimentally the values for ¢y, and le¢ and also made sure that
the above conditions were met in at least a significant range. We
then show how the proposed expression matches very accurately
the experimental results for both ITO and AZO films over a signif-
icant range of pulse overlap and pulse peak fluence values. Only
for the highest pulse overlap values used does the computed and
experimental results deviates slightly from each other. This behav-
ior could be due to the appearance of incubation in the films, since at
overlap values above 90% the number of pulses contributing with
fluence above ¢y, are above the maximum number of pulses we

used in the incubation study. Nevertheless, the obtained results
show that this simple model can provide accurate results when
predicting the depth in laser scribing process.
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