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ABSTRACT: In the Laser-Fired Contact (LFC) process, a laser beam fires a metallic layer through a dielectric
passivating layer into the silicon wafer to form an electrical contact with the silicon bulk [1]. This laser technique is an
interesting alternative for the fabrication of both laboratory and industrial scale high efficiency passivated emitter and
rear cell (PERC). One of the principal characteristics of this promising technique is the capability to reduce the
recombination losses at the rear surface in crystalline silicon solar cells. Therefore, it is crucial to optimize LFC because
this process is one of the most promising concepts to produce rear side point contacts at process speeds compatible with
the final industrial application. In that sense, this work investigates the optimization of LFC processing to improve the
back contact in silicon solar cells using fully commercial solid state lasers with pulse width in the ns range, thus studying
the influence of the wavelength using the three first harmonics (corresponding to wavelengths of 1064 nm, 532 nm and
355 nm).

Previous studies of our group focused their attention in other processing parameters as laser fluence, number of
pulses, passivating material [2, 3] thickness of the rear metallic contact [4], etc. In addition, the present work completes
the parametric optimization by assessing the influence of the laser wavelength on the contact property. In particular we
report results on the morphology and electrical behaviour of samples specifically designed to assess the quality of the
process. In order to study the influence of the laser wavelength on the contact feature we used as figure of merit the
specific contact resistance. In all processes the best results have been obtained using green (532 nm) and UV (355 nm),
with excellent values for this magnitude far below 1 mQcm?.
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1 INTRODUCTION

Laser processing of photovoltaic (PV) materials has
received significant attention in the last decades [5-8].
One of the most interesting laser technologies applied in
PV materials is the Laser-Fired Contact (LFC) process, in
which a metal layer is laser fired through a passivating
dielectric film to define ohmic contacts with the
semiconductor [1-3]. In that sense this technique would
replace the conventional AI-BSF (Back Surface Field
Aluminium) contact formation which requires
temperatures above 900 °C. In last years, LFC has been
used successfully to reduce the recombination losses
associated with the rear electrode, and efficiencies over
20 % have been reported on PERC (Passivated Emitter
and Rear Cell) structures incorporating this technique [8,
9].

In previous studies our group has addressed the
problem of a full parameterization of this process,
determining the optimal frequency, pulse number, and the
influence of different types of passivating materials
(Si0,, SiC.:H(n), Al,0O; and SiN,:H) in solar cell
equivalent structures as a preliminary study to the
incorporation of the LFC in a complete solar cell [2-4].

In the present work, we focus our attention on the
influence of wavelength and laser fluences. Different
Diode Pumped Solid State (DPSS) lasers emitting in their
first three harmonics (A = 1064 nm, 532 nm, 355 nm)
were used.

In particular we report results on the morphology and
electrical behavior of test structures using ALO; as
passivating layer. Finally, we demonstrate by means of a
detailed study of a particular electrical magnitude, the

specific contact resistance, that laser wavelength plays a
critical role in the performance of LFC, being the
electrical behavior better with shorter wavelengths.

2 SAMPLES AND EXPERIMENTAL SET-UP

The irradiation experiments were done on
Al/Al,05/c-Si structures specifically designed (figure 1)
and described in detail elsewhere [15]. The general
structure of these samples consists in <100> p-type float-
zone monocrystalline-silicon wafer (resistivity 2.5 Qcm,
thickness 289 um) used as substrate. On the front face we
deposited an Al,O; film by Atomic Layer Deposition
(Savannah S-300 Cambridge NanoTech) to be used as
passivating layer. Thicknesses of 50 nm and 15 nm
respectively for this layer has been used in this study.
Next, a 1 um thick Al layer was deposited on top of the
dielectric film. Finally, on the rear side an ohmic contact
is created by depositing an Al film of 2 um thickness
directly onto p-type c-Si back surface.
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Figure 1:Diagram of the LFC process and sample
structure.
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In order to evaluate the electrical performance of the
LFC and to obtain the specific contact resistance, a set of
5 x 5 mm? isolated areas were prepared on the samples.
In each area, a unique LFC point was done. With this
approach, current-voltage characteristics (J-V) can be
measured after the laser irradiation to obtain the specific
contact resistance of each contacted area following the
method described in previous works of the group [3, 4].

The samples were irradiated using Nd:YAG and
vanadate Q-switched lasers emitting at 1064 nm, 532 nm
and 355 nm, with pulse widths in the range of ns. In order
to facilitate the comparison at the different wavelengths
the repetition frequency has been fixed in 20 kHz and the
number of pulses was kept constant to only two pulses
per point in all cases. Table I summarizes the principal
features of the different laser sources used in this study.
The radius of the beam, ®,, (defined at 1/e* of peak
intensity) was calculated theorically assuming a perfect
Gaussian intensity profile [17].

In the case of irradiation at 532 nm and 355 nm, the
beam is focused on the sample by means of an optical
system formed by a digital scanner (HurryScan II 14,
SCANLAB) and a lens with focal lenght of 250 mm. For
1064 nm, an optical beam path with a fixed focusing
single lens was defined. In all systems laser power is
controlled with an external energy attenuator.

Table I: Summary of Laser systems employed for Laser
Firing.

A

(nm) Model 7/(ns) o (Lm)
1064 Navigator X1 S.SC Spectra- 20 20
Physics
Navigator X15SC Spectra-
532 Physics 2w) 15 25
355 Hippo H10-355QW Spectra- 12 25

Physics

In addition, morphological characterization of laser
spots was performed by using a Scanning Electron
Microscopy (Hitachi S-3000N), and in-depth profiles
were measured using a white light optical Confocal Leica
Microscope (DCM3D). In order to get additional
information regarding the compositional properties,
Energy Dispersive X-ray (EDX) mapping techniques was
applied to analyze the samples.

3 RESULTS AND DISCUSSION
3.1 Electrical characterization

As has been introduced before, for all the irradiation
conditions we determined the specific contact resistance,
p., an electrical magnitude specially well suited to asses
the electrical quality of a single contact This magnitude
was calculated using the method described in reference
[3], by means of the following expression:

Pc =TLrc — m”i_b M

where r,rc is the normalized resistance of the LFC, p, is
the bulk resistivity and r the radius of the contact point.

To obtain the optimum parameters we have studied
the sensibility of the contact resistance to the laser
fluence for the different laser wavelengths in samples
with two different thicknesses (50 nm and 15 nm) of
Al,)Os5 (see please Figs. 2 and 3).

For films with thickness of 50 nm, fluence values in
the range of 2.5-3.5 J/ecm® give good specific contact
resistance values, below 2 mQem?, using only two pulses
per point for all the explored laser wavelengths.
Additionally the results show that for 532 nm and 355 nm
excellent electrical conditions are achieved in a wide
parametric window, with values far below 1 mQcm?, but
for 1064 nm acceptable conditions are found only in a
narrow band of fluence values.
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Figure 2: Specific contact resistance using different laser
fluences and wavelengths in a sample with a passivating
layer Al,O; of 50 nm thickness.

Other relevant result is that, for this thickness of the
Al,05 layer, a minimum of the specific contact resistance
vs fluence can be found at all wavelengths. This behavior
indicates that, for these conditions, there is an optimal
energy for an ideal contact formation. This behavior is
probably related with the fact that the optimum LFC
formation conditions are placed between two main
physical regimes. First, a high laser fluence regime that
cause strong Al evaporation and limits the contact
formation. On the other hand, low fluence values are
unable to reach the appropriate conditions of Al-Si alloy.
Therefore, it is required a systematic study in order to
find the optimal laser parameters.

For the samples incorporating a thinner Al,O; film of
15 nm the results are shown in Fig. 3.
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Figure 3: Specific contact resistance using different laser

fluences and wavelengths in a sample with a passivating
layer Al,O; of 15 nm thickness.

In this case the values obtained for the specific
contact resistance are slightly higher than those obtained



for the film of 50 nm. However is clearly shown that a
wider parametric window is obtained for 532 nm and 355
nm with excellent values (0.7 mQcm? to 1.1 mQcm?),
though a secondary effect to bear in mind is that,
probably, the quality of the passivation is reduced by
decreasing the Al,Oj3 layer.

3.2 Morphological characterization
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Figure 4: Confocal profile of LFC in Al/Al,O/Si
structures at 532 nm, 20 kHz, two pulses per point, and 2.3
Jem? (0.3 W).

A typical morphology of the obtained LFC contact is
shown in figure 4. The morphology is characteristic of
the interaction regime in ns, with melting of material and
strong hydrodynamic effects inherent to the mainly
thermal interaction processes in the ns regime at all
wavelengths.

For this work, an appropriate understanding of the
structural changes in the materials and the physical
mechanisms of contact formation are required. For this
purpose we used EDX characterization in order to
determine the relative concentration of Al inside the LFC.
Figure 5 shows an EDX compositional mapping in a
characteristic LFC contact in which the color red is to
identify the presence of Al atoms and the green one is
related with the presence of Si.

Al-Si alloy

Figure 5: From left to right: SEM image, EDX color
mapping and a magnified EDX image of laser-fired
contact made with laser radiation of 532 nm, 2 pulses per
point, and a fluence of 3.0 J/cm?.

When the substrate reaches the silicon melting
temperature, both silicon and aluminum forms an alloy,
leading to the spot morphology observed on figures 4 and
5. This alloyed region is of the greatest importance to
obtain an appropriate electrical response. It is well known
that a proper Al-Si alloyed region in the edges of the
contact is compulsory to assure an appropriate electrical
behavior, and this effect can be observed using EDX
mapping as evaluation technique.

Additionally, local diffusion of Al into Si bulk can be
expected due to the inherent thermal interaction regime
generated, this process is quite interesting as well due to

the p-type doping properties of Al in Si[17, 18].

The measured Al relative concentration in % as well
of EDX color mapping for the optimal LFC made at three
laser wavelengths are showed in figure 6. The laser
fluences were chosen in function of the best electrical
behavior for each LFC achieved in the following section.
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Figure 6: SEM images of laser-fired contacts on
Al/A1,0O4/Si structures (left), and EDX mappings showing
the relative aluminum concentration for a) 1064 nm (3.2
J/em?), b) 532 nm (3.0 J/em?) and ¢) 355 nm (2.3 J/em?).

Indeed, from SEM/EDX inspection, it is evident that
higher Al atomic concentration corresponds to the border
of the crater, while the concentration decrease when we
move towards the center of the generated crater. A
comparison of this magnitude in the craters generated
with different wavelengths shows higher concentration of
Al in the case of visible radiation (532 nm). This result is
corroborated with the electrical characterization
discussed below, and shows that a higher content of Al
atoms are beneficial for obtaining high quality ohmic
contacts.

Table II summarizes the optimal laser conditions,
morphological crater characteristics, specific contact
resistance p,. and relative Al concentration in the middle
of the contact crater for the three explored wavelengths.

Table I1: Summary of the results obtained in this study 4
represents the wavelength, d the Al,Os thickness, ¢ the
laser fluence, 7, is the radius of the contact, z is the depth
of the contact, p.. specific contact resistance and [Al] the
atomic Al concentration in % in the center of the
generated crater.

A d P re z Pe o
(om)  (nm) (Fem?) (um) (um)  (mQem’) [Al%]

355 50 2.30 11.1 3.9 0.06 1.1

15 2.30 10.5 4.2 1.10 1.0

532 50 3.00 12.3 4.4 0.05 1.4

15 2.60 11.2 4.8 0.70 1.0

1064 50 3.20 13.9 5.6 1.40 0.6

15 3.00 13.4 5.6 1.90 0.3

In agreement with the Table II, the best LFC conditions
are achieved with the shorter wavelengths (532 nm and
355 nm) of laser radiation. Comparing the results in




Table II, it is possible to select the best laser conditions
which give the lowest contact resistance.

Summarizing the results, it is clear that good
electrical conditions can be found at any of the
wavelength considered, being the electrical results at 532
nm and 355 nm outstanding from the point of view of the
ohmic behavior. However, the authors are currently
investigating a hypothesis that, in the event of being
corroborated, would show that the shortest wavelength
(355 nm) is preferable. The hypothesis is based on
previous works of the authors [18], made only at 1064
nm.showing that this kind of laser processes induce a
non negligible damage in the material probably due to
thermomechanical effects generated in the interaction
process. These thermomechanical processes could spoil
the passivation in an area, concentric with the laser spot,
greater than the visual spot in the sample. These physical
phenomena are, in the case of ns interaction regime
(inherently a thermal process), strongly dependent on the
wavelength used. At this point authors are working in
new experiments, to be published elsewhere, that would
demonstrate this effect. We must point out that this effect
is not detectable measuring only the specific contact
resistance, so additional techniques must be used,
normally implying full device characterization.

4 CONCLUSIONS

A comprehensive study about the influence of the
laser wavelength on laser-fired contact (LFC) formation
in solar cell structures has been presented. The study is
restricted to fully commercial laser sources ready to be
implemented in industrial production.

Through morphological and electrical
characterization of test samples we have determined, with
an appropriate parameterization, excellent conditions for
LFC processes. We obtained outstanding values for the
specific contact resistance (< 1.0 mQcm?).

Concerning the influence of the wavelength, though
in LFC formation the electrical characterization indicates
similar results in contact resistance at 532 nm and 355
nm, the expected thermal affection (and potential loss in
surface passivation) is less probable in UV.

To conclude, it is important to remark that a new
encourage investigations are studying the development of
refinements punctual back contact such as the use of
punctual selective emitter before Al deposition to form
the contact pattern on the back surface [18, 19].
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