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ABSTRACT: To overcome limitations in efficiency originating from the front side of a crystalline silicon solar cell,
the concept of the selective emitter has been investigated in recent years. Several approaches have been presented and
tested for their industrial feasibility. Although almost all concepts are able to achieve a gain in conversion efficiency,
not all technologies are realizable due to process complexity and possible major modifications necessary for
retrofitting existing production lines. This motivates a simple process flow for the fabrication of a selective emitter
structure. Laser Doping from phosphorous silicate glass (PSG) is a cost attractive approach, as only one additional
processing step is required for selective emitter formation and no consumables are used. In this work solar cells on
both mono- and multicrystalline silicon with selective emitter have been fabricated. A beam splitter in conjunction
with a high power laser system has been used to allow for high throughput processing with 10 parallel laser beams.
Solar cell parameters are shown and discussed. To investigate possible hot spots under reverse bias conditions of the
shallow emitter, Dark Lock-In Thermography (DLIT) measurements have been conducted and reveal no hot-spots.
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1 INTRDUCTION

In order to increase solar cell efficiency losses have
to be reduced. The concept of the selective emitter
provides the opportunity to suppress losses in current and
voltage on the front side of the device, due to bad blue
response and high saturation currents, respectively. A
high level of doping is implemented in the subsequently
metalized areas, where the photoactive parts of the cell
feature a lowly doped emitter. This leads to an overall
reduction of the saturation current of the cell, leading to a
higher open circuit voltage Voc, and losses in short
circuit current, due to high doping, are decreased,
providing a high short circuit current density Jsc.

Selective emitter technologies have been under
intense research in recent years regarding their suitability
for high volume production. Hahn has given a compiled
overview of several technologies in [1]. Laser based
approaches provide the advantage that actual processing
is a contact free technology and, based upon the exact
approach, no consumables are required. This yields the
potential for a cost effective process.

Researchers from ENEA have proposed an elegant
way for the formation of a selective emitter in the mid
1990ies [2, 3]: directly after thermal phosphorous
diffusion, the selective emitter is created by means of
selective laser doping. The phosphorous silicate glass
(PSG) remains on the substrate and serves as a dopant
source. Additional phosphorous is driven into the
substrate at the laser treated areas. After laser processing,
the remaining PSG is etched off and the solar cells are
subsequently finished in the standard processing
sequence. This process flow is shown in Figure 1. Several
research groups have investigated this approach [4, 5]
and it is currently in transformation into industrial
production. ipe and ISE have pointed out that beam
shaping of the laser is essential for achieving high
throughput processing [6, 7].

This paper presents the use of a diffractive optical
element for high throughput laser processing for selective
emitter formation. Solar cells on both mono- and

multicrystalline silicon have been fabricated and are
analyzed.

2 EXPERIMENTAL WORK

2.1 Selective emitter by laser doping from PSG

As outlined in the introductory section, selective laser
doping from PSG is used for selective emitter formation
in this work. This process is compatible with both mono-
and multicrystalline silicon. The process flow is shown in
Figure 1. Note that one additional processing step is
required for selective emitter formation.
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Figure 1: Processing sequence for selective emitter cells
and reference cells with an homogeneous emitter

As a reference, solar cells with a homogenous emitter
with a sheet resistance of 65 Q/sq were processed in
parallel. The selective emitter cells received a shallow
emitter with a sheet resistance of 90 Q/sq for the
Czochralski-grown silicon (Cz-Si) and 110 Q/sq for the
multicrystalline silicon (mc-Si) wafers. Standard PECVD
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SiNx anti reflection coating was applied to the front side
of the cells.

In order to exactly align the front side silver paste in
the screen printing step, small fiducials in the active cell
area were used. Both the selective laser doping pattern
and the metallization were aligned to theses fiducials,
yielding a good superposition of the highly doped
structure and the metallization pattern. The fabricated
solar cells were contacted with up to date screen printing
pastes on both front and rear side.

2.2 Laser Doping for high throughput processing

Selective laser doping was performed with a laser
system from Jenoptik and diffractive optical beam
shaping element. A JenLas ASAMA frequency doubled
thin disc laser with at a wavelength of 515 nm and a
pulse width of 300 ns was used.

The key element for high throughput processing is
the diffractive optical element (DOE) which splits the
laser beam into several 10 beams, which allows parallel
processing of multiple fingers at the same time, thus
reducing processing time per wafer. Figure 2 displays an
image of 10 laser spots generated by the DOE, its
properties are discussed in [7].

Figure 2: Image of 10 laser beams generated by the
diffractive optical element for parallel processing. Each
spot features a Top-Hat profile in X-direction, transversal
to scanning in Y direction (from [7]).

To maintain short laser processing cycles per wafer,
no high doping underneath the bus bars was fabricated in
the selective emitter solar cells. This raises the question,
whether the metallization of the shallow emitter in the
areas of the bus bar induces detrimental effects, such as
shunts or hot spots under reverse bias conditions. This is
discussed in section 3.3.

3 RESULTS

3.1 Monocrystalline solar cells

A batch of 156x156 mmz, 3-6 Qcm, Cz-Si solar cells
with a wafer thickness of 180 um was processed
according to the experimental setup as shown in Figure 1.
The shallow emitter diffusion resulted in a sheet
resistance of Ryt = 90 Q/sq. Selective laser doping was
performed with the laser system described in section 2.2
and the highly doped areas exhibited a sheet resistance of
30 Q/sq.

As noted in section 2.1 solar cells with a homogenous

emitter with a sheet resistance of 65 Q/sq were processed
in parallel on the same material. In this experiment, all
cells with a shallow emitter also received selective high
doping, i.e. were processed to selective emitter cells.

Before IV measurement, the cells were submitted to
an illumination step of 36h under 0.3 suns to activate the
Cz-Si related light induced defects, thus yielding defined
and stable efficiencies. The results are displayed in
Table I.

Table I: Stabilized IV results of the Cz-Si solar cells
after 36h of light induced degradation. The mean values
of the groups are given and their standard deviation is
indicated as the uncertainty. The number of cells per
group is indicated.

Voc Jsc FF

n
MVl [mAemd  [%]  [%]
:(Seig'/go Q/E;n |62 369 773 180
10 cells) (1) (@01  (#02) (x00)
'é%%,sq Ref. 623 365 784 1738
5 cells) (#1)  (01)  (204) (x0.0)
Best. S.E. 634 68 775 181
Best Ref. 624 36.5 78.6 17.9

The selective emitter cells yield a gain of +0.2%;ys. in
cell efficiency. This is due to an increased short circuit
current density (+0.4 mA/cm? = +1.1%,,) and reduced
emitter saturation currents, resulting in a gain in open
circuit voltage of 9 mV (+1.5%). However, due to
increased lateral series resistance of the shallow and
higher ohmic emitter, the fill factor is 1.1% lower.
Therefore, a moderate gain of 0.2% in cell efficiency is
observed.

The authors note that the presented approach can be
easily adapted an integrated into higher efficiency
concepts, such as a combination with wet chemical
etching [8] or thermal oxidation for further emitter
improvement and rear side passivation. Thaidigsmann et
al. have presented metal wrap through passivated emitter
and rear cells (MWT-PERC) with > 20% efficiency using
laser doping for selective emitter formation [9].

3.2 Multicrystalline solar cells

A batch of 156x156 mm2, 0.5-2 Qcm,
multicrystalline silicon solar cells with a wafer thickness
of 195 pm was processed according to the experimental
setup as shown in figure 1. Selective laser doping was
performed with the laser system described in section 2.2
and the highly doped areas exhibited a sheet resistance of
50 Q/sq.

Again, as noted in section 2.1 solar cells with a
homogenous emitter with a sheet resistance of 65 Q/sq
were processed on the same multicrystalline material in
the same batch.

One group of cells was included in the batch which
received a shallow diffusion with a sheet resistance of
110 Q/sq and no selective high doping.
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Table I1I: Results of the multicrystalline solar cells. The
mean values of the groups are given and their standard
deviation is indicated as the uncertainty. The number of
cells per group is indicated.

Voc Jsc FF n

[mV] [mA/cm?] [%] [%]
Sel. Em.

620 343 772 164
50/110 Q/s
(7 cells) 9 @@ @2 @05 (02
(He‘é”é/?“' 616 328 794 160
5 cells)q‘ (1)  (206)  (x04) (203)
Best. S.E. 622 345 776 166
Best Ref. 618 33.9 79.1 16.5
E\Iﬁgeglz/sc:n ' 620 34.5 749 160
5cells) 1)  (#02) (208 (x0.1)

The solar cell results are summarized in Table 11. The
selective emitter cells exhibit a gain in efficiency of
An = +0.4%;s. This originates from a gain in short
circuit current density (+4.6%,) and in open circuit
voltage (+0.5%,). However, the fill factor is 2.2% lower.
This is due to an increased series resistance and a
decreased SunsVoc pseudo fill factor pFF. The increased
series resistance is attributed to the higher ohmic emitter
and thus reduced lateral conductivity. A more detailed
analysis of the fill factor is given in Figure 3.
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Figure 3: Box plots of the fill factor analysis of the
multicrystalline solar cells.

As shown in Figure 3, the reference cells with the
homogeneous emitter exhibit both the highest fill factor
FF and pseudo fill factor pFF. The selective emitter cells
and the cells without selective, but high ohmic emitter
feature the same pFF but a difference in FF. As compiled
by Greulich et al. [10], the difference in the fill factors
FF, pFF and FF, can help to identify the source of the
losses. The lower fill factor of the selective emitter cells
can be attributed to an increased series resistance and
decreased pFF. The latter can be attributed to a higher
Joz, as the shunt resistances do not significantly influence
the pFF at the measured values (which are in the range of
several kQcm?). This somewhat higher Jo, can be
explained by the shallow diffusion process, as the laser
treated cell (with shallow and selective emitter) has pFF
on the same level as the group of cells which were not
submitted to a laser treatment, but only the shallow
diffusion. This indicates that the laser process inflicts no

additional degradation to the junction. Table Il
summarizes these findings.

Table I11: Fill factor analysis for the multicrystalline
solar cells with and without selective emitter. The mean
values of the groups are given and their standard
deviation is indicated as the uncertainty. The number of
cells per group is indicated.

FF PFF-FF:  FFo-pFF:
[%] Rs losses Joo.Rp
[%] losses [%]
Sel.  Em.
(7 cells) 77.2(£0.5) 32(x05) 2.9 (x0.3)
Hom. Ref.
(5 cells) 79.4 (+0.4) 22(£0.6) 1.7(£0.2)
No sel. Em.

(110 Qfsq, 74.9(x0.8) 5.7(x0.8) 2.7(x0.2)
5 cells)

As mentioned in the previous section, the group of
the cells featuring no selective emitter but a high ohmic
emitter (sheet = 110 Q/sq) perform on the same level as the
reference cells with regards to cell efficiency. The open
circuit voltage and short circuit current, however, are on
the level of the selective emitter cells. The fill factor is
2.2% lower compared to the cells with the selective
emitter. This is attributed to a combination of the
decreased lateral conductivity of the high ohmic emitter
and an increased metal-semiconductor contact resistance,
as the cells feature no selective high doping under the
contacts. This indicates that the rapid development of
screen printing pastes in recent years has significant
influence on selective emitter technology and its potential
to be introduced into production.

3.3 Behaviour under reverse bias conditions

The incorporation of a shallow emitter, especially on
multicrystalline silicon wafers with their irregular surface
morphology and grain boundaries, raises the question of
possibly harmful behaviour of the cells under reverse bias
conditions. Junction breakdown or shunting by metal
spiking can create hot spots and possibly damage the
module, especially when employing shallow emitters. To
investigate this possible breakdown or shunting
behaviour, the localized power dissipation of the solar
cells was characterized by means of Dark Lock-In
Thermography (DLIT) measurements. The spatially
resolved DLIT images for the multicrystalline cells are
shown in Figures 5-7. Even at large reverse biases
(- 15 V) no distinct hot spots related to the metallization
can be observed, neither in the selective emitter cells nor
in the cells featuring the shallow emitter without selective
high doping. The location of the bus bars can be seen in
the ILIT (Voc state) image. Although there is no high
doping underneath the bus bars in the selective emitter
cells, their structure is not visible at - 15 V. The same
behaviour is observed for the cells with a shallow emitter
and no high doping: no potential hot spots can be
attributed to the bus bars.

Together with the fill factor analysis from the
previous section, this points towards the conclusion that
omitting the high doping underneath the bus bars does
not lead to junction failure under reverse bias conditions,
only to an increase in series resistance. If the fingers are
selectively highly doped, this enables high enough fill
factors to achieve a gain in efficiency.
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Figure 5: ILIT/DLIT characteristics of a reference cell
with a homogeneous emitter. A) under Voc conditions
and B) at -15 V
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Figure 6: ILIT/DLIT characteristics of a selective emitter
cell. A) under Vo conditions and B) at -15 VV
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Figure 7: ILIT/DLIT characteristics of a cell with
homogeneous shallow emitter and no selective high
doping. A) under Vo conditions and B) at -15 VV

4 SUMMARY

Silicon solar cells featuring selective emitters enable
higher efficiencies by reducing losses which result in
both higher open circuit voltages and short circuit
currents. Laser doping using PSG as a dopant source is a
simple approach to fabricate a selective emitter structure.
Beam shaping, using a diffractive beam splitter, opens
the door for high throughput processing with a single
laser system. Solar cells on both mono- and
multicrystalline have been prepared. A gain in efficiency
of 0.2%abs. is observed for monocrystalline cells and
+0.4% for multicrystalline cells. A fill factor analysis
reveals that in this study the use of a shallow emitter
leads to a somewhat increased Jg,, independent of the
laser process. An increased series resistance is measured
if the selective high doping is completely omitted. DLIT
investigations further reveal no detrimental effects under
reverse current conditions if no selective high doping is
employed underneath the bus bars.
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