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ABSTRACT

In the photovoltaic industry, laser edge isolation (LEI) is a well-established process at the end of the process chain. However,
because the cell properties vary from one cell producer to the next, no systematic approach is defined in industry for
establishing an efficient isolation groove. Nevertheless, a general approach has to be defined for analyzing the LEI process
for silicon solar cells. Besides the material aspects and laser parameters, atmospheric boundary conditions must be
considered. This paper presents investigations into the ablation of a specific type of mc-silicon solar cell, and the most
suitable laser, as well as the ambient parameters, is determined based on the results of the experiments.

Introduction

Lasers are currently used within the
photovoltaic industry for edge isolation,
and for marking and cutting silicon
solar cells. In the case of edge isolation,
the n*-doped surface layer has to be
removed to guarantee the isolation of the
pn-junction. The laser edge isolation (LEI)
process is applicable for mc-Si solar cells
using different types of laser sources. To
increase the efficiency of a crystalline solar
cell, high shunt resistances are necessary,
and damage within the irradiated areas
must be avoided. A set of laser parameters
— such as wavelength A, pulse duration ¢,
and laser fluence H,, — have already been
investigated for LEI processes [1-6],
with wavelengths ranging from near-
infrared (NIR) to ultraviolet (UV) and
pulse durations from a few picoseconds
to several hundred nanoseconds. Damage
can occur in the heat-affected zone during
laser irradiation [7,8] and reduces the
efficiency of the cell.

In order to separate the pn-junction
and increase the shunt resistance to a
maximum value, a theoretical minimum
ablation depth of 0.5pm is derived from
the n*-doped diffusion profile. Therefore
a large absorption coefticient for ablation
is required, and suitable laser sources,
such as UV-lasers [9,10], must be used. In
addition to wavelength, ablation for laser
edge isolation depends on £, and repetition
rate fi.,, and results in heat load of the
material. The heat penetration depth is an
approximate measure of the penetration
of the heat load, and possibly induces
laser damage of a thin layer. The potential
of selected laser sources for use in laser
edge isolation will be demonstrated using
distinct laser parameters.

The LEI process for silicon solar
cells cannot be completely described
by the laser parameters — an additional
investigation of the dependence on

the process gas is necessary. The main
additional process parameter is the
concentration of oxygen in the process
atmosphere [11]. Thus the quality of the
edge isolation is highly dependent on
the concentration of oxygen within the
irradiated area.

Experimental

Solar cell specifics

Standard industrial-type isotextured
mc-Si solar cells of dimension
156x156x0.18mm? and featuring double-
side diffusion and screen-printed
metallization (Fig. 1) were laser edge
isolated on the front side by applying laser
radiation from different sources. In the
case of picosecond laser radiation, process
atmospheres were also tested for their
suitability in laser edge isolation.
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Figure 1. Structure of a mc-Si solar cell

with an n*-doped surface lay

The ablation depth required for
effective laser edge isolation can be
derived from the n* (phosphor) dopant
concentration distribution. In the case
of the investigated solar cells, the dopant
concentration decreases to the ground-
doped level at a depth of approximately
0.5pm, and corresponds to the minimum
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Figure 2. n*-dopant (phosphor) concentration of mc-Si solar cells versus depth
(data from Schott Solar AG), showing the ground-doped level at a charge carrier
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required ablation depth at a charge carrier
concentration of approximately 10'%cm™ —
the so-called ‘ground-doped level' (Fig. 2).

A typical dopant concentration profile
of phosphorous in silicon depends on two
diffusion mechanisms during production,
which are dominant at different charge
carrier concentrations and diffusion
velocities. The highly doped regime is
dominated by vacancy diffusion, whereas
the poorly doped regime is dominated by
interstitial diffusion. The well-known kink-
and-tail carrier distribution results because
of the different diffusion mechanisms of
phosphor in silicon [12]. The charge carrier
concentration converges asymptotically
towards the ground-doped level [13].

“The parallel resistance
of a silicon solar cell depends
on the dopant profile and
the corresponding specific
resistivity at this charge

carrier concentration.”

The parallel resistance of a silicon solar
cell depends on the dopant profile and
the corresponding specific resistivity at
this charge carrier concentration. Both
these dependencies have to be related
in order to determine the correlation
between the shunt resistance and the
ablation groove depth. Therefore the
n*-dopant concentration as a function
of depth is the crucial parameter and
determines the ablation depth for
sufficient laser edge isolation. The
specific resistivity p of phosphorous-
doped silicon depends on the charge
carrier concentration A, and the
achievable shunt resistances can be
estimated at a certain groove depth
by plotting A versus p (Fig. 3). The
dependence of the specific resistivity
on the charge carrier concentration can
potentially be described by the expression
p(A)-a AP 1)

where a and b are numerical fit
parameters. The A-p dependence, taken
from Beadle et al. [14], is fitted in three
regimes shown in Fig. 3, and the fit
parameters for the three regimes are listed
in Table 1.

Regime a [Q-cm?] b

1 1015 -0.9549
2 568.25 -0.2253
3 1014 -0.8599

Table 1. Fit parameters for the three

regimes in Fig. 3.
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Figure 3. Specific resistivity of n-type phosphorous-doped silicon at room

temperature versus charge carrier concentration (data taken from Beadle etal. [14]).

From Figs. 2 and 3, the dependence of
specific resistivity p(z) on depth can be
derived as shown in Fig. 4.

Laser set-up specifics and parameters
The laser edge isolation process was
investigated by applying ns- and ps-laser
radiation to mc-Si solar cells. The cells
were processed at identical ambient
conditions to allow an evaluation of shunt
resistance as a function of laser ablation
depth to be made.

Laser scanners were used to position
the focused laser radiation along the
desired path. For the investigations,
optics with focal lengths of 255mm
and 250mm were used. The relevant
parameters for different laser systems are

listed in Table 2. Different groove depths
were generated by laser ablation using the
laser sources indicated in the table. The
groove depth was measured by optical
microscopy, and the corresponding shunt
resistance was determined by dark I-V
measurements.

In addition, several gases were tested
(at 1 bar at room temperature in normal
ambient atmosphere, oxygen, nitrogen and
argon) for their suitability as processing
atmospheres in the laser edge isolation
process. These experiments were carried
out with Laser 1, and three characteristic
laser parameter sets were tested for edge
isolation. The structural and chemical
investigations of the laser grooves were
conducted using scanning electron

=
w
1

=
-y
L

E

a 0.4+ [ .y
> n'-layer Wy p-layer

=

8 0.3 4 *- e
w -

o "l

g %41 T T
i -

& ’n

. -
.A calculated curve based | |

If L

400
depth [nm]

on figures 2, 3

600 800 1000

Figure 4. Specific resistivity of n-type phosphorous-doped silicon at room

temperature versus depth, based on Figs. 2 and 3.
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Laser Alnm] t[ns]

HP,max[‘J/cmz] frep[kHZ] ffoc [m m]

1 Trumpf: 515 0.007
TruMicro

5X50 2w

2 Trumpf:
TruMicro
5X50

3 Rofin:
RSM E20

4 Rofin:
RSM E20

3) IPG:
YLPM-1-
A4-20-20

6 IPG:
YLP-1-
120-50-50

1030 0.007

532 7

532 13

1064 20

1064 120

14 400 255

6.2 400 255

21.7 15 250

14.4 40 250

7.6 100 255

31.3 50 255

Table 2. Laser systems and relevant laser parameters.

microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX).

Characteristics of the laser edge
isolation process

A small specific resistivity — the initial
potential — at the top of the solar cell can
be identified. With increasing depth the
specific resistivity increases to its maximum
— the capacity limit (Fig. 4). The resistivity
is then determined from the specific
resistivity, using the general equation

A(=2)
R = A2
w(2)=p2)-—F )
where Ry, represents the resistivity, p(z)

is the depth-dependent specific resistivity,
L is the length of the edge of the solar cell,
and A(z) is the product of the groove width

(dy,) and residual thickness (difference of
the thickness z of the solar cell and the
ablation groove a).

“With increasing depth the
specific resistivity increases

to its maximum.”’

The variation of R, as a function of
groove depth can be mathematically
described using an empirically derived
logistic growth approach. This type of
growth is best described by the differential
equation [15]

— = k : Ryh (Z) : (Rsh,max - RSh (Z))

dRsh (Z)
dz
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Figure 6. Resistivity as a function of groove depth, determined from Figs. 2 and 3
and modelled using Equation 4 (edge length of the solar cell L = 156mm; area of

laser beam diameter and solar cell thickness A = 4212pum?).
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Figure 5. Schematic of the laser-

generated groove for evaluating
Equation 2.

where the parameter Ry, ., represents
the shunt resistance capacity limit of the
solar cells, and the logistic parameter k is a
measure of the change of the groove depth-
dependent shunt resistance. A solution of
the differential equation is given by

1

Ray = Ry max .
L+expl—k - Ry max (2 + Zggare ) (Rsﬂ -D]

)

where R, \_y represents the initial
shunt resistance, z the depth and zg,,,
the depth value at which the shunt
resistance starts to increase with
depth (and therefore depends on the
underlying dopant profile). Another,
more convenient, value for determining
the rapid start of growth of the shunt
resistance with depth is defined by z,,,
and will be used to empirically determine
the carry-over of the dopant profile. The
intersection of the tangent of the model
curve of Equation 4 at the turning point
with the abscissa defines z,,,, and is given
by the equation

R max
[ 1]~ Ry, s K Zgiar — 2

R n=0
zZ, =

" Rypmax -k

-sh,max

()

Based on the described model, the
data taken from Fig. 4 and Equation 2 can
now be modelled using Equation 4. This
is an idealized graph of shunt resistance
versus groove depth. The minimum
charge carrier concentration is taken as
a reference for the ground-doped level as
it is not measured (Fig. 2). The ideal case
defined by the dopant profile in Fig. 2 is
Ziapideal = 336nm and shown in Fig. 6.

The efficiency of the laser edge isolation
process in terms of ablation depth required
to reach the intersection of the tangent and
the abscissa is then defined as

_ Zrap,ideal 100%
ke discadudih A

z rap,laser (6)

In order to compare the results with
different repetition rates, the normalized
laser edge isolation efficiency #7,.m
is introduced and defined through a
normalized z,, exnorm 25



Figure 7. Shunt resistance versus groove depth for various laser systems and modelled logistic functions.
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where the parameter N, is the number
of laser pulses per point.

Results and discussion

Shunt resistance as a function of laser-
ablated groove depth

The shunt resistance as a function of
groove depth was determined for five
laser systems, and different laser pulse
durations, wavelengths and repetition rates
were investigated. The measured shunt

More at www.rena.com

resistances were fitted to the developed
logistic model (Equation 4); also, the
relevant model parameters, specifically k
and z,,,, were determined to estimate the
efficiency of the laser edge isolation process.
The limitations of these laser systems can
be determined by plotting the logistic
model curve against groove depth per pulse.
By doing this, it is possible to determine
the most feasible laser parameters that
will minimize damage to the solar cell
in the laser edge isolation process. The
relevant derived model parameters are
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Table 3. Relevant model

laser edge isolation efficiencies (z

rap,ideal

Zrap laser Zrap lasernorm and Zrapideal (See Table
3), and accordingly the laser edge isolation
efficiencies 7 and #,,,,,, can be determined.

The differences between the theoretical
predicted groove depth of 0.5um for
complete edge isolation and the values
obtained experimentally can be explained
by thermodynamic assumptions and, to a
lesser extent, by impurities, redeposition of
particles, surface topology and a non-ideal
behaviour of me-Si solar cells.

In the first step, the laser radiation
is partially absorbed by the silicon.
The optical energy is transformed into
phonon energy, e.g. oscillation energy of
atoms of the compound, which is, from a
macroscopic perspective, a heat load. The

Laser zrap,laser [Um] zrap,laser,norm [Um] n [%] Hnorm [%]
1 6.9 0.490 4.9 68.6
2 20.4 0.503 1.7 66.8
3 6.2 0.897 5.4 37.5
4 7.5 1.160 45 30.0
5 6.5 0.963 5.2 34.9
6 9.0 1.877 3.7 17.9

arameters for different laser systems and corresponding

heat dissipates afterwards by diffusion. The
laser energy in the material accumulates
by consecutive laser irradiations, until
energy input and energy losses equalize.
However, the temperature of the material
rises steadily as a consequence of energy
accumulation, thus producing diffusion
of the dopants into the bulk material
according to Fick’s laws. The diffusion
constant of phosphor in silicon rapidly
increases with rising temperature [16].
With a series of large energy laser radiation
pulses, a surface temperature close to the
melting point of silicon is reached in a
timescale of tens of microseconds. At this
diffusion time, the diffusion length is of
the order of several micrometres, based

H, [Wem?] 14

OV [%]

0,

Ambient atmosphere

Table 4. Different groove types generated in an ambient atmosphere, O,, N, and Ar
for three characteristic laser parameters (where f;,, = 400kHz, d;= 23.4pm and O
is the remaining atomic oxygen concentration in the laser groove).
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rest

on equations in [16]. As a consequence,
the model parameters &, Ry, .. and Zy,
are also functions of the thermodynamic
properties of silicon.

The statistical spreading of the
measured shunt resistances at certain
groove depths is due to local shunts in the
cell area, which result in a decrease in Ry,
Nevertheless, with the laser parameters
used, the logistic curve (Equation 4)
satisfactorily describes the maximum
achievable shunt resistances as a function
of depth. In all cases, improvements are
possible whereby the energy losses due
to heat dissipation are reduced. Shorter
pulse durations and shorter wavelengths,
resulting in a smaller ablation rate, are
preferable for the edge isolation process:
first, there is less heat load and a smaller
heat-affected zone; and second, there is
a larger absorption of laser radiation. By
using wavelengths and pulse durations that
ensure a heat-affected zone in the region of
Zapideat @ SAVINg of laser power is indicated
for the laser edge isolation process. With a
smaller z,,, .., (see Table 3), less carry-over
of the dopants is induced by the solar cell
and therefore higher maximum laser edge
isolation efficiencies are achievable.

“Shorter pulse durations
and shorter wavelengths,
resulting in a smaller ablation
rate, are preferable for the edge

isolation process.”

Solar cells could not be isolated
by a 500nm deep groove using laser
radiation with a laser wavelength of
A = 515/1030nm; even with ultra-short
laser pulses in the optical ablation regime
[5,6,15], for which the heat load is minimal,
it still was not possible. The ablation rate
for laser radiation with a pulse duration of
t, = 7ps in the optical ablation regime of
silicon is smaller than 200nm. As a result,
additional laser pulses are required to
remove the n'-layer completely, leading to a
thermal load of the silicon and diffusion of
the dopants. In consequence, ns-laser pulses
are preferable in the case of pulse energies
which support an effective melt ejection and
because of their larger thermal penetration
depth of approximately dy, = 1um, occurring
at a pulse duration of ¢, = 7ns at T = 300K.
This corresponds to a value that is at least
twice as large as the doped depth, and is
therefore, in a first approximation, sufficient
for removing the n*-layer with a limited
amount of laser pulses.

Shunt resistance as a function of
different ambient gases and topologies
Different characteristic laser processing
parameter sets (H,, Ov) were used for the
laser edge isolation with different ambient
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Figure 8. Shunt resistance as a function of remaining oxygen concentration O, .

gases. With these parameter settings, three
groove structure types are distinguished.
Generation of grooves by laser
ablation with a fluence of H, = 14]/cm?
and an overlap of Ov = 93.33% results
in typical v-shaped groove geometries
as shown in Table 4. However,
the measured groove depths of
approximately 15um at H,, = 14]/cm?
do not depend on the investigated
atmospheres. At a fluence of H, = 1]/cm?
and overlaps of Ov = 99.63% and

UPGRADE CELL PERFORM
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Ov = 99.91%, a cone-like structure and
a deep, narrow groove are generated
respectively [11]. The characteristic
geometrical structures at H,, = 1]/cm* and
different overlaps do not depend on the
process gas type and the geometry does
not change. The main observed differences
are electrical and chemical in nature.
The shunt resistances and the remaining
oxygen concentration in the groove
vary over a wide range for different laser
parameters and gases (Table 4).
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As seen in Table 4, laser processing in
argon and nitrogen atmospheres results
in smaller shunt resistances. In the case
of industrially-relevant laser parameters,
such as velocity (v = 0.624m/s), the most
suitable process gas is in fact ambient
atmosphere. Increasing the oxygen
content causes, at a scanning velocity of
v = 0.624m/s (corresponding to
Ov = 93.33%), a reduction of the shunt
resistance of the solar cells. Edge
isolation in the optical regime and at a
smaller scanning velocity (and therefore
at larger overlaps) yields larger shunt
resistances, but isolating with these
parameters corresponds to an insufficient
throughput. Increasing the remaining
oxygen concentration increases the
shunt resistance to a maximum; a further
increase of the oxygen concentration then
causes the shunt resistance to decrease
significantly (Fig. 8).

The increase of the shunt resistance due
to a larger oxygen concentration (regime
1 in Fig. 8) is possibly due to passivation
of the ablation edges after irradiation; on
the other hand, the decrease of the shunt
resistance with further increase in oxygen
concentration (regime 2 in Fig. 8) can be
explained by diffusion of impurities. This is
based on the different characteristic process
timescales for the passivation and diffusion
during laser edge isolation. Secondary ion
mass spectroscopy (SIMS) measurement
of the tentative dopant profile in the laser-
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ablated grooves (which are necessary for
edge isolation) failed due to the roughness
of the bottom of the groove. To evaluate
these proposed mechanisms, passivation
and diffusion, other characterization tools
need to be used.

Conclusion

The shunt resistance of mc-Si solar cells
after laser edge isolation is characterized
by three process mechanisms, each with
a different emphasis. In general the value
of the shunt resistance is a function of the
three process mechanisms: ablation depth,
passivation of ablation edges and diffusion
of impurities.

In the case of depth-dependent shunt
resistance, a logistic model approach has
been derived which satisfactorily describes
the shunt resistance as a function of ablation
depth. In the other two cases — passivation
and diffusion — preliminary results have
been presented. Based on these empirical
investigations and the developed logistic
model, it is possible to determine optimal
laser parameters for laser edge isolation
at a specific charge carrier distribution.
The dominant process during laser edge
isolation depends on the three characteristic
process times for heat diffusion, phosphor
diffusion and passivation.

“The best-suited atmosphere is

standard ambient atmosphere.”

A theoretical representative set of
efficient laser parameters for achieving
higher solar cell efficiencies is given for a
certain optical set-up. A typical optical
set-up is equipped with an f-theta lens
with a focal length of z,.,; = 292mm
and a collimated raw beam diameter of
d,ye = 5.5mm at 1/e2. Complementing
this optical set-up, the laser source
should provide an output power of P, >
23.1W at a repetition rate of f,,, = 30kHz.
Furthermore, a pulse duration of ¢, =
7ns at a laser wavelength of 1 = 532nm
and a beam quality factor M? < 1.5 will
be required. With these parameters it is
possible to ensure a scribing velocity of v
> 624mm/s for a 6-inch solar cell having a
charge carrier concentration distribution
comparable to that shown in Fig. 1. The
scaling of the required laser power for
sufficient edge isolation increases in a
non-linear way for faster scribing velocities
and larger focal diameters, and especially
for higher repetition rates. Moreover, the
best-suited atmosphere is standard ambient
atmosphere.
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