RESEARCH Revista Mexicana dédica61 (2015) 160165 MAY-JUNE 2015

Laser scribing of fluorine doped tin oxide for serial
interconnection of CdS/CdTe solar cells
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In thin film PV-module production the scribing of transparent conducting oxides, like fluorine doped tin oxides thin films, is performed with
serial interconnection of solar cells without the use of external wires. This scribing is usually carried out with infrared and ultraviolet lasers,
while for the other films that complete the solar cell structure, the scribing is performed with visible laser light. Thus, the use of only one
laser in all scribing steps in the monoalithic interconnection process could reduce the manufacture cost of PV-CdTe modules.

In this work the laser scribing process on fluorine doped tin oxides is investigated using a Nd:YAG pulsed laser of 532 nm of wavelength with
pulse duration of 50 nanoseconds. The corresponding threshold fluence was measured and the mechanism of interaction of laser radiation
with the semiconductor oxide was studied, as well as the temperature distribution along the film and the time when it reached its maximum
value after applying the pulse of radiation on the Srifayer.
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1. |Introduction 3’2 Laser scribing (P3)

1.1. Fluorine doped tin oxides

Transparent and conducting oxide (TCO) coatings have re-
ceived wide attention due to their extensive use in thin film [ elass \ g N
solar cells. Among the available TCO'’s, Sn®eem to be - — R - *1)
more appropriate because they are quite stable toward atmergyre 1. P1, P2 and P3 laser scribing process steps for serial
spheric conditions, chemically inert, mechanically hard andnterconnection in CdS/CdTe solar cells.
can resist high temperature [1]. The electrical conductivity
of these films can be enhanced by appropriate doping. 532 nm laser light is widely used for scribing CdTe layers
has been established that F-doped tin oxide (FTO) films havéP2 process step) and metal films (P3 process step) [5,6].
higher conductivity, optical transmission and infrared reflec-Therefore, if laser scribing of TCO with 532 nm pulsed laser
tion than the tin oxide films prepared with other dopants [2]. can be carefully studied and successfully performed, it could
help us to understand the basic physical aspects in this non-
1.2. Laser scribing of thin films equilibrium phenomenon and be used in module interconnec-
tions of CdS/CdTe solar cells, thereby reducing manufactur-
Monolithic interconnection of a thin film solar cell can be ing costs.
achieved by three patterns, denominated P1, P2 and P3 pro- Bovatseket al. [6] measured the threshold fluence for
cess steps, alternating with film deposition as shown in Fig. 1SnG;:F films and developed a model to study the removal
In the P1 step the TCO layer is patterned by laser scribingnechanism, but they only applied it on amorphous silicon
over the entire width of the substrate [3]. Usually, lasers infilms. Wang [7] and Avagliano [8] developed a thermo-
the UV and IR wavelength are used to remove the TCO frommechanical model and a thermo-optical model respectively
the substrate; IR laser light excites the electrons of the corto study SnQ@:F film, but only when it is irradiated with laser
duction band, thus thermalizing and transferring the exceslght with a wavelength of 1064 nm.
energy to the material. For UV laser light the energy is sup-  The laser light incidence for scribing can be performed
plied from inter-band transitions [3,4]. from the film or the glass side as can be seen in Fig. 2. If
Limited research on laser scribing of TCO, with the the incoming laser beam travels through the glass substrate
532 nm wavelength, has been done due mainly to the podrefore irradiating the film, the process is called “back scrib-
optical absorption of the material at this wavelength. Theing”, whereas when the laser beam impinges directly on the
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FIGURE 2. (a) Back and (b) direct laser scribing. i :
film it is called “direct scribing”. Direct scribing usually is ' >
driven by absorption, heating, melting and evaporation of the i i X
irradiated material. On the other hand, the removal process in
back scribing involves heating of the substrate/film interface, Las er Beam
thermal stress and material fracture. The laser light absorp-
tion in materials like CdTe, the back scribing, requires less
laser energy than the direct scribing.
1.3. Theoretical considerations FIGURE 3. SnG;:F/Glass schematic structure considered to calcu-
late the temperature rise. The laser beam travels first through the

1.3.1. Threshold fluence glass or back scribing.

The laser fluence is defined as the amount of energy delivyere 1, is the non-reflected peak intensity of the laser beam,
ered per unit area in each pulse and the threshold fluengg ;) describes the spatial distribution of intensity in one di-
(Hi) as the minimum laser fluence needed to change the filffhension,f(z) describes the attenuation of the laser light in-
morphology, for photovoltaic applications, some authors utisijde the material ang(¢) describes the temporal dependence

lize this term as the minimum laser fluence needed to removgr pylse shape. Thg(z) function is related with the Lambert
completely a zone in the film where the beam falls on [6].  |aw and can be written as

The threshold fluence can be measured with a technique
that consists in the irradiation of the material with Gaussian £(2) = ae=** (4)
laser pulses of different fluence and evaluate the radius of the
craters produced in the film. The crater’s radiusand the

peak fluence of the pulses ¢J-are related by [9] Wherea is the .opt|ca_l absorption coefficient. _ _
5 1 For a two dimension model, a laser beam with a Gaussian
r2 = % In <HO> (1) distribution of intensity in one dimension can be expressed
th as:

wherew is the beam radius (19% and H, is the threshold

—242

fluence, so the threshold fluence can be obtained of the plot g(z) = e 2 (5)
of r2 vsin(H,). Details of the technique can be found in [9].
1.3.2. Thermal model The schematic structure considered to calculate the tem-

perature rise is shown in Fig. 3.
The temperature rise in the Sp® sample due to the laser ir-
radiation can be obtained by solving the time-dependenttw®, Experimental details
dimensional heat flow equation
cpgo%—j; =K [gj; + g;l;] + Q(x, 2, 1) (2
wherec,, p, andx are the specific heat, density and ther- The laser used in this study is a 532 nm diode pumped s_olid
mal conductivity of the film, respectively, ar@ is the heat State (DPSS) Nd:YAG pulsed laser. The laser output is a

2.1. Laser scribing system

source. Gaussian beam with a diameter of about 200. To focus
According to [10] the laser source inside the film can beth® béam on the sample a beam expander and a planoconvex
expressed by: lens of 25 cm of focal length were set up in the o_ptlcal plane
of the beam. The pulse shape was measured with a fast pho-
Q(z,2,t) = log(z) f(2)q(t) () todiode (MRD500) and a 200 MHz digitizing scope (Agilent
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TABLE |. Optical and thermal properties of ShO

Densityp (g/cn?) [5] 685
Absorption coefficienty (cm~!) @ 532 nm [11] 2300
Specific heat,, (J/kg K) [12] cp(T) = 496.22 4 53.56 x 10737 — 12.9 x 10572
Thermal conductivity (W/m k) [8] k(T) = 39.6 — 2.09 x 1072(T — 273.15) + 4.62 x 107%(T — 273.15)?
Thermal diffusivity D (cnt/s) @ 300 K 015
Melting temperature (K) [5] 1903

160 4 2.3. Threshold fluence measurement
1 —— Measured

--—--Adjusted To measure the threshold fluence, the laser fluence was
changed for each film from 7.6 J/énup to 38.2 J/crh per
pulse using neutral density filters in the beam path between

50 ns FWHM sample and laser output. The laser and the sample were dis-

posed in order that the laser pulses travel through the sub-

strate (glass) side or back scribing. The beam was also fo-
cused in the film surface.

80

T, = 32 ns

[}
o
1

N
o
1

3. Results and discussion

N
o
|

Figure 5 shows a plot of the crater’s spot radigsversus
, : e T , the laser pulses fluence for Sii® film. The radius of the
0 50 100 150 200 line scribe and the pulse energy were measured with a sty-
Time (ns) lus profiler AMBIOS TECHNOLOGY Model XP-100 and
an energy radiometer LASER PROBE model RJ-7610, re-
FIGURE 4. Temporal pulse profile of the Nd:YAG laser employed spectively. From Eq. (1) the intercept of the fit in Fig. 4
in this study. allows us to calculate the value of the threshold fluengg) (H
The value obtained from the plot is 4.6 J&and this value is
DS03202A). The temporal profile is shown in Fig. 4, which in tr_le order of the melt.thre.shlold reported for_this material ir-
can be adjusted to the function [10] radiated with a laser with similar characteristics by Compaan
et al [5]. The fit's slope of the adjusted line is related with
N ) the laser beam radius; this calculated beam radius is in accor-
q(t) = () e[[’(lfﬁﬂ (6)  dance with the one directly measured with a fast photodiode.
to The beam radius value is used in the simulation parameters.

o
I~

The measured pulse shape and the fitting curve consid- ]
erings = 1.7 andry = 32 ns are also plotted in the same 240
figure. The pulse width is 50 ns (FWHM). The laser beam .
path in our system is fixed and in order to create a line scribe 200+
on the sample, it was mounted in a XYZ table controlled by a 1
computer via serial port. The displacement speed of the sam- ~ 160
ple was 30 mm/s and the laser pulse repetition rate was fixec £ ]

. 3 1204
in 2 KHz. > |
< 80
J th
2.2. Materials 40
0 T

A commercial conducting glass was used in this study (Pilk- 7 201
ington, SnQ:F TEC 8). The sample thickness was of 540 nm ' 2 '
and it was grown on a soda lime glass of 3 mm of thickness. Fluence (J/cm’)

The principal thermal and optical properties of Srfoare  Ficure 5. Semilog plot of the fluence dependence of the line
summarized in Table . scribes’ radius for SNQF films.
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of several spots with an overlapping of 25% for a sample’s
displacement speed of 30 mm/s. The complete electrical iso-
lation between the parts of the layer, separated by the striped
was verified directly with an ohmmeter. The line scribes are
free of ridges, as it can be seen in the profile of Fig. 6. The
presence of ridges could affect the solar cell’s performance.
Line scribes widths are around 2@ and can be adjusted by
varying the pulses fluence according to the plotin Fig. 5. The
characteristics of the scribed line, discussed before, guaran-
tee they have the necessary quality for serial interconnection
process in CdTe/CdS modules.

To estimate the temperature rise of the film, when it was
irradiated with pulses in the order of the threshold fluence
value, the heat equation was solved numerically in COMSOL

Height (nm)

Distance (um) Multiphysics 4.3, which is a software that uses finite element
methods to solve numerically partial differential equations.
FIGURE 6. Stylus profile trace of a line scribe on a SnBfilm. Optical and thermal parameters were taken from Table .

For the calculations we suppose that initially, the glass and
SnO,:F film are at the ambient temperature of 293.15 K. The
upper surface of the S film and the lower surface of
the glass are considered to transfer heat with the ambient, the
heat transfer coefficients for both surfaces have a value of 5
W/m?2K and the heat flow through the lateral sides can be ne-
glected because the lateral thermal gradients are very small
in comparison to the vertical. The geometry of the sample,
the glass and SnCF thicknesses are shown in Fig. 3. The

LEI 5.0kV X500 WD 9.3mm 104m laser source i_s gin_en by the_Eqs. (_3) to (6) _vvith spatial and
temporal profiles discussed in previous sections. It was con-

FIGURE 7. Line scribe formed by the superposition of single laser gijered that the optical absorption of the laser beam begins

spots on a Sn@F sample using a 532 nm pulsed laser. at the glass/Sn©F interface. The laser absorption inside the

film is approximately 10% of the incident radiation and the

2000 - Melting te¢mpefamfe H = 4.4 Jlem? laser intensity is almost constant along the film due to the
S low optical absorption coefficient of the Sp® film, close
1750 4 /— to 2300 cnt!. The reflections at the air/glass and glass/FTO
— ] interfaces were included in the modeling.
X 1500 In order to reduce the computation timey glass thick-
o 1 Glass SnO,:F ness was chosen instead of the common 3 mm thickness
% 1250-_
@ 1000-
Q
£ ]
o 7504
— ]
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FIGURE 8. Temperature profile across the glass/g$iCstructure

att = 115 ns . Thickness of the SnF film is 540 nm, while the
glass thickness considered for the simulation ig12

Figure 6 shows the stylus profile trace of the line scribe. T e Dot
The trace indicates that the lines of the scribe walls are nearly — WD=43mm  Mag= 3000KX Seral No.= Auiga35-16
steep and sharp. An EDS analysis confirmed also that the ' T
SnG;:F film was completely removed inside the line. In Ficure 9. Crater produced in the Sr@ sample with a single
Fig. 7 it is shown a line scribe formed by the superpositionspot of fluence in the order of the threshold fluence.
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— Surface temperature pulse arrives to the SngF film, as it is depicted in Fig. 10,
2000 L?Selr pf”s? — 150 although the peak intensity of the laser pulse is reached 80 ns
before, as it can be seen in Fig. 4, its behavior is associated
to the low thermal diffusivity of the SnOF film.

- 100

4. Conclusions

Serial interconnection of CdS/CdTe solar cells can be suc-
cessfully carried out with only one pulsed laser of 532 nm
with pulse duration in the order of the nanoseconds. The
line scribe’s characteristics on Sn® films discussed, and
described in previous sections, are adequate for serial inter-
S O S : 0 connection. This way, the manufacture cost of CdTe modules
0 50 100 150 200 250 300 350 400 could be reduced by the use of only one laser line in the three
Time (ns) laser scribing steps. CdTe and metals films have been scribed
FIGURE 10. Temporal behavior of the surface temperature on With lasers with similar characteristics with satisfactory re-
SnOy:F film when it is irradiated with laser pulses of 4.4 Jicm  Sults.
Simulation and experimental results reveal that, in the
laser processing of the line scribes in SrOsamples with
based on two considerations: 1) glass is practically transpathe use of a pulsed laser of 532 nm of wavelength, the ma-
ent to 532 nm wavelength radiation; and 2) by comparingerial melts for laser fluence as low as the threshold fluence,
several simulation results considering different glass thickhowever this mechanism is only observed in the spot cen-
ness. ter because of the laser intensity Gaussian distribution of the
Temperature distribution along the Sp@ film and the  peam. Simulation also shows that temperature along the film
glass substrate is shown in Fig. 8 attime 115ns. Thecal- s nearly constant because of the low absorption coefficient
culation of temperature in Fig. 8 was carried out with a laseiof these films at visible wavelengths. This phenomenon is
pulse fluence of 4.4 J/chthis value was found by varying not presented, for example, for absorbing materials where the
the laser pulse fluence as a fitting parameter in the simulazomplete absorption of laser light takes place on the surface
tion and monitoring the resulting film temperature in order toof the film.
match with the Sn@F melting temperature.
The simulation shows that the melt temperature is only
reached in the upper surface of the Stofilm, while the  Acknowledgments

temperature in the Glass/Sp® interface always is lower ) )
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