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Evaluating a Procedure to Align Local Laser
Doping and Metallization

Julian Weber , Elmar Lohmüller , Simon Gutscher, and Andreas A. Brand

Abstract—We evaluate a procedure that is meant to ensure a
highly accurate alignment between laser-doped lines and either
screen-printed metal contacts or laser contact openings (LCO) for
subsequent galvanic plating of the metal contacts. For both process
routes, we prove that the application of the procedure significantly
increases the alignment accuracy, discusses potential error sources,
and identifies the major challenges for avoiding misalignment. As
shown by the presented experiments, the use of screen-printed
contacts is challenging for the alignment, since the laser doping
process “needs to foresee” the screen print. For plated contacts,
however, a much more accurate alignment can be achieved, since
the LCO process “can react” on the previously applied laser-doped
pattern. As we demonstrate, we are able to combine 10-µm-wide
LCO lines with 36-µm-wide laser-doped lines (while ensuring that
the passivation layer is only opened within the laser-doped area).

Index Terms—Alignment, laser contact opening (LCO), laser-
doped selective emitter, screen printing, structuring, silicon solar
cells.

I. INTRODUCTION

THE NEED to align locally applied processes to each other
has become a major challenge in solar cell fabrication,

since the trend goes to high-efficiency solar cell concepts [1],
such as the passivated emitter and rear cell (PERC) with selective
emitter [2]–[4], or, e.g., the interdigitated back contact cell [5],
[6]. Especially laser-based approaches, such as the laser-doped
selective emitter (LDSE) [7]–[9], the PassDop [10]–[12], and the
FoilMet-Connect [13] approach, might lead to a boost in solar
cell efficiency, but come along with the challenge to align two
patterning processes to each other. In this article, a procedure is
evaluated that is meant to ensure a highly accurate alignment
of two structuring processes to each other. The potential of
this alignment procedure has already been demonstrated in [11]
and [12], where we last reported on the successful alignment
of 40-μm-wide screen-printed metal contacts to 70-μm-wide
laser-doped lines. In [14], we introduced the alignment pro-
cedure by providing detailed insight into its principle. In this
article, we point out potential error sources, and we name the
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Fig. 1. Solar cell contact grid illustrating the principle of the alignment
procedure. The structures of process 1 (“p1”) are shifted toward the structures
of process 2 (“p2”), in order to match both process patterns. For this, the actual
positions yp1,actual and yp2,actual are measured in the coordinate system defined
by the fiducials, and subsequently, the target position of process 1 is modified
to yp1,target∗ .

key aspects for achieving high alignment accuracies. The focus
lies on the LDSE approach for PERC solar cells for which an
accurate alignment between the laser-doped lines and the front
metal contacts is crucial—not only because misalignment causes
large losses in energy conversion efficiency, but also because
efficiency is directly increased by reducing the LDSE width [8],
[9]. The presented experiments consider the LDSE to be either
combined with a screen-printing process for applying the metal
contacts or with a laser contact opening (LCO) process followed
by galvanic plating of the metal contacts. As we point out, for
both process routes, the alignment procedure can be applied to
achieve highly accurate alignment.

II. PRINCIPLE OF ALIGNMENT PROCEDURE

In this section, we briefly describe the principle of the align-
ment procedure. For further details, the readers are referred
to the extensive introduction of the procedure given in [14].
Fig. 1 illustrates how the principle can be exploited to align
two processes (referred to as “process 1” and “process 2”). In
this example, process 1 is a laser-doping process forming an
LDSE; process 2 is the application of the front metallization
grid by screen printing. Both processes not only provide a grid
pattern, but also fiducials on the left and right sides of the wafer.
Thereby, a unique coordinate system is defined (see left side of
Fig. 1), which is referred to as the “fiducial coordinate system”
throughout this article. On the right side of Fig. 1, a detailed
view on an exemplary spot in the grid pattern (referred to as
“grid point”) is displayed. Although process 1 and process 2 aim
for the same position of the grid point, both the LDSE and the
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Fig. 2. Flowcharts showing each step of the alignment procedure in experiment
1 (left) and experiment 2 (right). In experiment 1, the “LDSE” is adjusted to a
screen-printed grid structure. In experiment 2, an LCO pattern is aligned to the
“LDSE.”

contact finger might miss the targeted y-position yp1&2,target, if
no special alignment procedure is conducted. As the accuracy of
the process technologies is not perfect, the y-positions yp1,actual

and yp2,actual might be hit. Note that these positions are not
sharply defined, but rather scatter (as the color gradient in Fig. 1
indicates). Also, the reproducibility of the technologies is limited
as well. In order to match yp1,actual and yp2,actual, one of the
processes needs to be adjusted with respect to the other one.
The screen-printing pattern cannot be economically adapted.
As the laser process is the “flexible” one, yp1,actual is shifted
toward yp2,actual. Thus, the target position of the LDSE process
is changed from yp1&2,target to

yp1,target∗ = yp1&2,target +
(
yp2, actual − yp1, actual

)
. (1)

When it comes to screen printing, the screen-printing mask is
aligned to the laser-processed fiducials in order to match both
process patterns.

In short, the key concept of the alignment procedure is to
match both process patterns by bringing the fiducials in accor-
dance. As long as LDSE and metallization match, it is irrelevant,
whether the targeted design of the grid is realized and whether the
grid position/orientation is perfectly aligned to the wafer edges.
In other words, the alignment accuracy is independent to the
individual accuracies of processes 1 and 2 and to the coordinate
system given by the wafer edges.

If galvanic plating is used for metallization of the solar cells
instead of screen printing, process 2 will be the LCO process.
In this case, it is possible to shift yp2,actual toward yp1,actual by
setting the target position of the LCO to

yp2,target∗ = yp1&2, target − (
yp2,actual − yp1, actual

)
. (2)

Equation (1) and (2) refer only to the y-positions. The align-
ment of the x-positions, however, works the same.

III. EXPERIMENTAL

Two experiments are performed in order to evaluate the align-
ment procedure; see Fig. 2. In the first experiment, the align-
ment between LDSE and screen printing is tested; the second
experiment deals with the alignment between LDSE and LCO.
However, no solar cells are fabricated. Instead, the experiments

Fig. 3. Exemplary microscope images of a reference wafer (left image) and
a test wafer for which the alignment procedure is applied (right image). The
alignment procedure aimed for minimizing the shift sy = y“LDSE” − yprint

between the screen-printed finger and the center of the “LDSE lines.” The fingers
feature a width of (38 ± 2) µm, whereas the width of the “LDSE lines” is
(41 ± 1) µm.

are performed on test wafers (Czochralski-grown silicon wafers
with 156 mm edge length and a silicon nitride passivation layer).
Instead of applying an LDSE, each LDSE line is replaced by a
pair of laser ablation lines (further referred to as “LDSE lines”).
The goal is to apply the alignment procedure such that the screen
print/LCO sits exactly in the center between the “LDSE lines”;
see Figs. 3 and 6. For characterizing any applied pattern in this
article, a coordinate measuring machine is used. The maximal
error in accuracy of this system is about 1μm. The same holds for
the maximal reproducibility error of the system. The accuracy
was measured using a calibration plate (glass plate coated with
a vapor-deposited metal pattern); the reproducibility is tested by
measuring a pattern of laser ablation lines ten times in a row.
Due to the high precision of the coordinate measuring machine,
measurement errors are neglected in this article.

A. Aligning LDSE and Screen-Printed Metal Contacts

In the first experiment, the “LDSE lines” (process 1) are ad-
justed in order to match a screen-printed grid pattern consisting
of 110 fingers (process 2). The “LDSE lines” are applied using
a laser setup (build for research and development) with a gal-
vanometer scanner system. The wafers are aligned to three metal
pins in the laser setup, in order to reproduce their position in the
laser scan field. The alignment procedure is conducted as follows
(see left side of Fig. 2). At first, three calibration wafers with
“LDSE lines” are fabricated using the laser setup in a calibrated
state. However, the laser script is manipulated by introducing an
artificial offset of 50 μm in order to “complicate” the alignment.
Besides the “LDSE” calibration wafers, three screen-printed
and fired calibration wafers are fabricated. In the next step, all
six calibration wafers are analyzed by measuring the positions
yp1,actual and yp2,actual (see Fig. 1) at seven grid points per
“LDSE line”/finger. Based on (1), an adjusted “LDSE” script is
generated (telling the galvanometer scanner system to connect
the seven target positions yp1,target∗ per “LDSE line” without
changing the scan speed). Finally, the adjusted “LDSE” process
is conducted, the screen print is applied (while aligning the
printing mask to the laser-processed fiducials), and contact firing
is performed. Besides 11 test wafers that undergo the described
alignment procedure, 6 reference wafers are processed without
adjusting the “LDSE lines.”
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Fig. 4. Exemplary microscope images showing the y-shift between the screen-
printed fiducial on top of the laser-processed fidcuial. In this example, the y-shift
is about 16 µm. The x-shift is not of interest.

B. Aligning LDSE and LCO

In the second experiment, we pursue a highly accurate align-
ment between “LDSE” (process 1) and LCO (process 2) by
adjusting the LCO. The alignment procedure shown on the right
side of Fig. 2 is conducted. First, ten test wafers are fabricated
using an (calibrated) industrial laser setup with a galvanometer
scanner system. A pattern of 7 × 7 (horizontal and vertical)
“LDSE lines” is applied. Next, the “LDSE” positions xp1,actual

and yp1,actual (see Fig. 1) are measured for all test wafers.
Based on these measurements, (2) is applied for generating a
customized LCO laser script (with seven grid points per line) for
each wafer. In fact, a simplified version of (2) is applied, since
the setup used for the LCO—a laser setup with fixed optics
build for research and development (referred to as the “LCO
laser setup”)—is assumed to be perfectly accurate (xp2,actual =
xp1&2,target, yp2,actual = yp1&2,target). Finally, the test wafers
receive their individually customized LCO treatment. Besides
the ten test wafers, ten reference wafers are processed without
any LCO adjustment.

IV. RESULTS AND ERROR ANALYSIS

A. Aligning LDSE and Screen-Printed Metal Contacts

Fig. 3 shows exemplary microscope images of one of the
reference wafers without correction (left image) and of one of the
test wafers for which the alignment procedure is applied (right
image). On the reference wafer, the screen-printed finger touches
the bottom “LDSE line.” This is expected, since the alignment
is “complicated” on purpose by introducing an offset of 50 μm.
As we analyze all reference wafers (nearly 100 representative
spots per wafer are investigated), we find that with a probability
of about 67%, the screen-printed finger is sitting on top of the
bottom “LDSE line” (as can be seen on the left side of Fig. 3).
For the test wafers, for which the alignment procedure is applied,
the finding is different: In 100% of the cases, the screen-printed
finger sits in between both “LDSE lines”; see right side of Fig. 3.
We conclude that thanks to the alignment procedure, the “LDSE
lines” show significantly improved match with the fingers. We,
however, expect a systematic offset between the center of the
“LDSE lines” y“LDSE” and the position of the screen print yprint,
since we find the left fiducials being shifted against each other
in y-direction by (17 ± 2) μm; see Fig. 4.

Fig. 5. (a) Histogram of the shift sy = y“LDSE” − yprint (see Fig. 2) repre-
senting the measurement results for the test wafer group for which the “LDSE” is
adjusted to the screen print. (b) Reproducibility of the (left) laser-processed and
(right) screen-printed patterns. The graphs result from comparing the process
result of multiple wafers (referring to the fiducial coordinate system). The
deviation Δy represents the scattering of the grid point positions in y-direction
with respect to the corresponding mean y-positions.

In order to quantify the alignment accuracy achieved by apply-
ing the alignment procedure, we measure the shift between the
“LDSE lines” and the fingers sy = y“LDSE” − yprint at nearly
100 representative positions for each of the 11 test wafers.
Fig. 5(a) shows the resulting histogram of sy . By applying a
Gaussian fit, μ = (19 ± 0) μm is found to be the center of
the sy-distribution. This value is in good accordance with the
y-shift between the left fiducials of (17 ± 2) μm; see Fig. 4.
We conclude that if the fiducials would have been brought into
accordance, the sy-distribution would not have been centered
around μ≈ 19 μm but close to 0. In the following, an extensive
further error discussion is presented. In particular, the width
of the sy-distribution, which is considered to be six times the
standard deviation of the Gaussian fit 6σ = (51 ± 1) μm,
shall be associated with potential error sources. In principle,
the following error source might have occurred in the presented
experiment.

1) The screen-printing mask is not perfectly aligned to the
fiducials of the “LDSE” pattern. Therefore, the process
patterns are shifted and/or rotated against each other.

2) The number of grid points is not sufficient, which leads to
misalignment in between.

3) The “LDSE lines” are linearly shifted toward the expected
finger positions. The distortion of the laser scan field,
however, is not linear.

4) For processing the calibration wafers, the scanner is fed
with a start point and an end point for each line. For
processing the test wafers, these two points are replaced
by seven grid points per line. Thus, the scanning of the
lines is modified.

5) The reproducibility of the processed patterns (with respect
to the fiducial coordinate system) is limited.

Error source 1) has already been discussed. It is the only error
that can cause a systematic misalignment and is responsible for
the sy-distribution being centered on μ ≈ 19 μm instead of 0.
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In contrast, error sources 2)–5) cannot be systematic (remember
that 770 grid points per wafer are used and sy is measured
at nearly 1100 spots on 11 wafers). Thus, they all contribute
to the width of sy . Thereby, error source 5) plays the major
role. This is tested with the laser setup processing ten wafers
in a row. Besides two fiducials on the wafer edges, a cross
pattern of 11 × 11 laser ablation lines is applied. Subsequently,
the y-positions of the crosses are measured with respect to the
fiducial coordinate system. For each cross (for example, cross
1 × 1 at the left bottom corner of the wafers), a mean y-position
is determined (considering the measurement results of all ten
wafers). Finally, the deviations Δy between the single measure-
ments and the corresponding mean values are calculated. The
left side of Fig. 5(b) shows Δy as a histogram summarizing all
measurement results obtained in the side experiment. The width
of theΔy-distribution is found to be 6σ= (27± 1)μm. Note that
this value reflects the reproducibility error of the laser-processed
pattern with respect to the fiducial coordinate system and not
(only) the reproducibility error of the galvanometer scanner
system. First, there are further error sources (as, e.g., fluctuation
of the wafer position in the laser scan field). Second, not only the
laser-processed crosses are subject to the reproducibility error
of the galvanometer scanner system, but also the fiducials and
thus the fiducial coordinate system and all cross positions in
it.

The screen-printed pattern is also investigated regarding re-
producibility. The resulting histogram of Δy is shown on the
right side of Fig. 5(b). It represents the data of 12 wafers that
are printed at 3 different sessions (between the sessions, the
screen-printing mask was not in use) and analyzed at 110 grid
points per wafer. In this case, the Δy-distribution is 6σ = (7 ±
0) μm wide. Thus, the screen-printed pattern shows an increased
reproducibility compared with the laser-processed pattern. Note,
however, that when printing multiple 1000 wafers in a solar cell
fabrication line, the reproducibility might decline due to a warp
of the screen-printing mesh. Combining the results obtained in
both side experiments, the histogram widths sum up to 6σ ≈
34μm. Note that this is the width expected for the distribution of
sy in Fig. 5(a), if the only error source present during processing
the test wafers is the fluctuation of the screen-printed and laser-
processed patterns. The same fluctuations, however, must have
occurred during processing the calibration wafers. Thus, the
data base for adjusting the “LDSE” is not representative (since
only three calibration wafers for each process are analyzed). In
consequence, the contribution of error source 5) to the width of
the sy-distribution in Fig. 5(a) (6σ ≈ 51 μm) is expected to be
even larger than the determined value for 6σ ≈ 34 μm.

The presented error analysis let us identify two major re-
quirements for avoiding misalignment between an LDSE and
screen-printed metal contacts: a precise match of the fiducials
and a high reproducibility of the applied technologies. In this
context, we recommend to use not two but multiple fiducials
per wafer. This will help to reduce the sensitivity of the fiducial
coordinate system to reproducibility errors and to avoid a fiducial
mismatch. At the same time, however, this will increase the
impact of the other error sources on the alignment accuracy.

Fig. 6. Exemplary microscope images of a reference wafer (left image) and
a test wafer for which the alignment procedure is applied (right image). The
alignment procedure aimed for minimizing the shift sy = y“LDSE” − yLCO

between the LCO line and the center of the laser ablation lines representing the
LDSE. The LCO lines feature a width of (34 ± 1) µm, whereas the width of the
“LDSE lines” is (65 ± 2) µm.

Fig. 7. Histograms of the shifts sx = x“LDSE” − xLCO and sy =

y“LDSE” − yLCO (refer to Fig. 5) for the (left) reference wafers and (right)
the test wafers for which the LCO was adjusted to the “LDSE.”

B. Aligning LDSE and LCO

Fig. 6 shows exemplary microscope images of one of the
reference wafers (left image) and of one test wafer for which the
alignment procedure is applied (right image). On the reference
wafer, the position of the LCO line yLCO is clearly shifted against
the center of the “LDSE lines” y“LDSE”. In the right image, the
shift sy = y“LDSE” − yLCO between “LDSE” and LCO is only
marginal. In Fig. 7, sy is shown as histogram. Furthermore, the
histogram of the x-shift sx between “LDSE” and LCO is also
shown. Each histogram represents nearly 1200 single measure-
ments. On the left side of Fig. 7, the results obtained for the ten
reference wafers are presented. The right side corresponds to
the ten test wafers for which the LCO is adjusted. By applying
Gaussian functions to the plotted distributions, the following
conclusions are drawn: With the help of the alignment procedure,
the distribution widths could be drastically reduced—for sx from
6σ = (82 ± 2) μm to 6σ = (20 ± 1) μm, for sy from 6σ = (57
± 2) μm to 6σ = (20 ± 0) μm. Furthermore, the alignment
procedure helped to shift the centers of the distributions toward
0—for sx from μ = (–7 ± 0) μm to μ = (–3 ± 0) µm and for
sy from μ = (–7 ± 0) μm to μ = (3 ± 0) μm. Thus, for the ten
test wafers, not only improved but in fact excellent alignment
accuracy is achieved.
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The test wafers are further analyzed in order to investigate by
which error source the alignment accuracy is limited. Remember
that applying the alignment procedure involved the generation
of an individually customized LCO laser script for each wafer
(see Fig. 2). Thereby, the potentially greatest error source—the
limited reproducibility of the “LDSE” and the LCO pattern (error
source 5) in the first experiment—is eliminated. Since the LCO
laser setup is assumed to be perfectly accurate and no calibration
wafers are used, the error sources 3) and 4) in the first experiment
are eliminated as well. Hence, only the following three error
sources might cause the misalignment between “LDSE” and
LCO.

1) The LCO pattern is not perfectly aligned to the fiducials of
the “LDSE” pattern. Thus, a shift and/or a rotation between
the LCO and the “LDSE” is introduced.

2) The number of grid points is not sufficient, which leads to
misalignment in between.

3) It is assumed that the LCO laser setup hits the targeted
positions given in the LCO laser scripts (yp2,actual =
yp1&2,target; see Fig. 1). The accuracy of the LCO pattern
is, however, limited.

Error sources 1) and 2) are the same as in the first experiment.
In this experiment, however, 1) does not lead to a systematic
error, since the fiducial detection is conducted manually by the
operator of the LCO laser setup and is therefore only subjected to
random fluctuations. In order to judge error source 3), the LCO
laser setup is used to process ten wafers in a row. Besides two
fiducials on the wafer edges, a cross pattern of 11× 11 LCO lines
is applied. Subsequently, the x- and y-positions of the crosses
are measured with respect to the fiducial coordinate system and
compared with the target positions in the LCO laser script. The
deviations between the target and the actual positions are plotted
as histogram (not shown). The deviations distribute around μ=
(0.5± 0.0) μm. The width of the distribution is found to be 6σ=
(11 ± 0) μm. Thus, the LCO laser setup yields indeed a highly
accurate placement of the LCO structures. However, the errors
caused by 3) can explain more than half of the scattering the
sx − /sy-distributions show on the right side of Fig. 7. In order to
gain further insight into the contribution of 1)–3) to the total scat-
tering of sx and sy , a y-scan along with a pair of vertical “LDSE”
lines (with LCO in between) is recorded using the coordinate
measuring machine; see Fig. 8. The measurement shows the
center position between the “LDSE lines” x“LDSE” and the LCO
position xLCO (refer to Fig. 6), which we track while moving from
the bottom to the top of the wafer. The positions are recorded
with respect to the fiducial coordinate system. Subsequently, the
coordinate origin is redefined to simplify the presentation of the
measurement results. When judging Fig. 8, remember that for
each LCO line, seven grid points are used at which the target
positions in the LCO laser script are set to x“LDSE”. Between these
grid points, a straight connection is expected, since the LCO
lines should, in ideal case, directly connect the grid points with
each other. Thus, the LCO position xLCO should ideally match the
black line shown in Fig. 8. Indeed, the LCO position xLCO almost
perfectly follows the course of the interpolation—although the
distortion of the galvanometer scanner system let the “LDSE”
lines scatter in a range of –15 μm ≤ x“LDSE” ≤ 11 μm.

Fig. 8. y-Scan along a pair of “LDSE lines” with LCO in between (recorded
with the coordinate measuring machine). The measurement shows the LCO
position xLCO and the center position between the “LDSE lines” x“LDSE” (refer
to Fig. 5) across the wafer. For applying the LCO, seven grid points are used at
which the target positions in the LCO laser script are set to x “LDSE”. Between
these grid points, a straight connection is expected, since the LCO lines should
in ideal case directly connect the grid points with each other.

However, xLCO is systematically shifted by sx = x“LDSE” −
xLCO ≈ 5μm with respect to the black line. We conclude that
the LCO is, in principle, successfully adjusted to the “LDSE.”
However, the fiducials are not detected perfectly (error 1). The
slight fluctuations sx = x“LDSE” − xLCO along the y-direction
can be associated with error source 3). We further conclude from
Fig. 8 that the misalignment occurring between the grid points
(error 2) can reach up to sx = 9 μm (as marked on the right
edge of the graph). Thus, all three errors 1)–3) play a role in the
presented experiment. They are estimated to contribute almost
equally to the width of the sx − /sy-distribution on the right side
of Fig. 7. Note, however, that if the detection of the fiducials had
been more precise in the presented experiment (e.g., by using an
automatic image processing algorithm), and if further, a larger
number of grid points had been used, practically all error sources
would have been eliminated, except for the accuracy error of
the LCO laser setup of ±6 μm. This means that, in principle,
we could combine a 10-μm-wide LCO with a 22-μm-wide
laser-doped line (while ensuring that the passivation layer is only
opened in the laser-doped area)—despite how poor the accuracy
and reproducibility of the laser doping process is.

V. DISCUSSION

From the extensive error analysis presented in the previous
section, we derive the following guidance for achieving a fast
and precise alignment (note that the guidance applies to both
solar cell research and solar cell mass production).

1) First, it is to clarify which process is aligned to the other
one. If process 2 cannot be adapted, process 1 needs
to “foresee” the positioning of the structures applied by
process 2. This implies that the alignment accuracy is
largely depending on the reproducibility errors of both
processes and thus makes it essential to use stable systems
for processing. If process 2 can be adapted, the situation is
different, since process 2 can “react” on the pattern applied
by process 1 for each wafer individually. This yields an
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intrinsic advantage to the alignment accuracy, since the
alignment accuracy is no longer affected by accuracy and
reproducibility of process 1, and, thus, only for process
2, a high reproducibility is required. In the ideal case,
process 2 is not only adjustable and highly reproducible
but also highly accurate. In this case, process 2 can be
considered to hit the structures applied by process 1 by
simply targeting for them. This means that no calibration
wafers are needed.

2) Second, it is to ensure that the applied structures are
examined as fast and precise as possible. This might be
challenging in some cases, for example, if laser-processed
lines are covered by an antireflection coating layer. This
challenge could, however, be overcome by using a high-
resolution camera and a fast image processing algorithm
for making the laser lines visible and detecting them.

3) Finally, it is to eliminate those error sources that can be
easily tackled. This involves, in particular, a precise and
robust matching of the fiducials, the usage of a large
number of grid points, and also calibration wafers (if
needed).

VI. SUMMARY AND CONCLUSION

In this article, we evaluate a procedure that is meant to ensure
a highly accurate alignment between two structuring processes.
We test the procedure by simulating laser-doped lines (using
laser ablation) and combining them with either screen-printed
metal contacts or LCO. In both cases, the alignment procedure
helps to reduce misalignment. For the screen-printed contacts,
misalignment is reduced to (19 ± 26) μm. For the LCO, mis-
alignment is only (3 ± 10) μm. Such excellent alignment accu-
racy allows combining 10-μm-wide LCO lines with 36-μm-wide
laser-doped lines (while the passivation layer remains unopened
outside the laser-doped area). Based on the extensive error analy-
sis presented in this article, we give detailed guidance to improve
the alignment accuracy. The most essential requirements for

avoiding misalignment are the usage of highly reproducible
process technologies as well as a perfect match of the fiducials
(reference points used to bring the coordinate systems of the
process patterns in accordance).

REFERENCES

[1] International Technology Roadmap for Photovoltaic, “International Tech-
nology Roadmap for Photovoltaic (ITRPV)—2018 results - 10th edition,”
March 2019. [Online]. Available: https://itrpv.vdma.org/download

[2] A. W. Blakers, A. Wang, A. M. Milne, J. Zhao, and M. A. Green, “22.8%
efficient silicon solar cell,” Appl. Phys. Lett., vol. 55, pp. 1363–1365, 1989.

[3] M. A. Green, “The passivated emitter and rear cell (PERC): From con-
ception to mass production,” Sol. Energy Mater. Sol. Cells, vol. 143,
pp. 190–197, 2015.

[4] S. Werner et al., “Key aspects for fabrication of P-type Cz-Si PERC solar
cells exceeding 22% conversion efficiency,” in Proc. 33rd Eur. Photovolt.
Sol. Energy Conf. Exhib., 2017, pp. 406–412.

[5] R. J. Schwartz and M. D. Lammert, “Silicon solar cells for high con-
centration applications,” in Proc. Int. Electron Devices Meeting, 1975,
pp. 350–352.

[6] M. Ernst et al., “Fabrication of a 22.8% efficient back contact solar cell
with localized laser-doping,” Phys. Status Solidi A, vol. 214, pp. 1700318–
1700322, 2017.

[7] L. Ventura, A. Slaoui, and J. C. Muller, “Realization of selective emitters by
rapid thermal and laser assisted techniques,” in Proc. 13th Eur. Photovolt.
Sol. Energy Conf. Exhib., 1995, pp. 1578–1581.

[8] U. Jäger, Selektive Laserdiffusion Für Hocheffiziente Solarzellen Aus
Kristallinem Silicium. München, Germany: Verlag Dr. Hut, 2013.

[9] J. Weber et al., “Simulations on laser-phosphorous-doped selective emit-
ters,” in Proc. 7th World Conf. Photovolt. Energy Convers., 2018,
pp. 3588–3592.

[10] U. Jäger et al., “Industrial N-type PERL cells with screen printed front
side electrodes approaching 21% efficiency,” in Proc. 31st Eur. Photovolt.
Sol. Energy Conf. Exhib., 2015, pp. 390–393.

[11] E. Lohmüller et al., “Bifacial P-type silicon PERL solar cell with screen-
printed pure silver metallization and 89% bifaciality,” in Proc. 33rd Eur.
Photovolt. Sol. Energy Conf. Exhib., 2017, pp. 418–423.

[12] E. Lohmüller et al., “Towards 90% bifaciality for p-Type Cz-Si solar
cells by adaption of industrial perc processes,” in Proc. 7th World Conf.
Photovolt. Energy Convers., 2018, pp. 3727–3731.

[13] J. Paschen et al., “Folmet-Connect: A new rear metallization upgrade for
PERC and other cell concepts,” AIP Conf. Proc., vol. 2156, 2019, Art. no.
020004.

[14] E. Lohmüller et al., “High-precision alignment procedures of patterning
processes in solar cell production,” in Proc. Prog. Photovolt., Res. Appl.,
2019, pp. 1–11.

https://itrpv.vdma.org/download


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


